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What I cannot create,
I do not understand.
Richard Feynman

Chapter 1
Introduction
Arguably, theoutbreakof thepotato lateblightepidemic leading to the Irishpotato famine
mid-19th century is one of themost important historic event due to a plant pathogenic
organism. And yet to date, over 170 years later, the causal agent of the disease and later
identified relatives are still causing enormous losses in economically important crops and
have become threats to native species (Erwin&Ribeiro 1996).
Themain subject of research in this thesis is the causal agent of potato and tomato late
blight,Phytophthora infestans. Phytophthora spp. areeukaryotic filamentousorganisms that
belong to the class oomycetes. The aim of the research described in this thesis is to gain
insight into cellular signalingand cytoskeletondynamics inPhytophthora. Specific features
of these essential cellular processesmay hold potential as novel drug targets for control of
oomycetes. In this chapter, I will introduce the impact of potato late blight from a historic
perspective (Box 1.1) and the impact that oomycetes have nowadays. Further, I will give an
overview of the current knowledge of signal transduction pathways in oomycetes. Finally,
I will summarize recent technical advances in the oomycete research field and present the
scope of this thesis.
1.1 Potato late blight
Generally, P. infestans is pathogenic onmembers of the plant family Solanaceae, (night-
shades). Nearly 90 plant species can be infected by P. infestans, but under natural condi-
tions, only a few get diseased (Erwin&Ribeiro 1996). The economicallymost important
hosts susceptible to P. infestans are potato (Solanum tuberosum) and tomato (Solanum ly-
copersicum). The disease symptoms of potato late blight are usually first visible on leaves.
Infected foliage initially becomes yellow, then water soaked and turns black (Erwin &
Ribeiro 1996). Later in the season also tubers become affected. At first, brown or purple
spots appear on the skin of the tubers whereafter the disease progresses rapidly in partic-
ular in damp soils. Subsequent infections by soil bacteria and fungi lead to further decay
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Box 1.1 | The Irish Potato Famine
Occurences of potato late blight in Europe in 1845. Re-
produced fromBourke (1964)
The first records of the occurrence of
late blight on potato date back to 1843
in Eastern states of the USA, and in
Belgium (Morren 1844; Bergsma 1845;
Harting 1846). The following years,
particularly in the wet and cold sum-
mer of 1845, the disease spread with
frightening speed to causewidespread
epidemics across Europe (Bourke 1964).
In contrast to Northern America, where
potatoes were a relatively small portion
of the average diet, Northern Europe
suffered from late blight epidemics
(Dunn 2017). For an average farmer
in Ireland, the daily diet consisted
largely of potatoes. From 1845, for three
consecutive years, potato harvests in Ireland and other Northern European countries
almost completely failed. The disaster, recorded as the Irish potato famine, resulted
inmass emigration and death ofmillions of people (Ristaino 2002).
At the time, themoldy growthon theplantswas regardedaneffect of adisease rather
than the cause. Instead, the potato failure was believed to be due to God's anger
over the increased population, or pollution from steam locomotives. The female
BelgianmycologistMarie-Anne Libert was the first to describe the infectious agent
on diseased potato plants in detail and proposed the name Botrytis vastatrix (Libert
1845). Already in the same year, CamilleMontagne renamed the species to Botrytis
infestans (Montagne 1845). It was clergymanMiles Jones Berkeleywho recognized
B. infestans as the cause of blight in potato (Berkeley 1846; Ribeiro 2013). However,
it was not until 1876when Anton de Bary showed that the disease only developed
on inoculated potato plants, and demonstrated that tubers could be infected by
inoculationwith sporangia. Hesubsequently renamedthegenusPhytophthora, Greek
for plant (phyton) and destruction (phthora) (de Bary 1876).
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of the tubers, also known as ‘wet rot’ (Dowson & Jones 1951). Under cool, moist condi-
tions, the lesions start sporulating, producing sporangia and zoospores. These spores are
easily dislodged and can be transported bywater or wind. After rainstorms sporangia or
zoospores washed from infected leaves can infect tubers near the soil surface (Erwin&
Ribeiro 1996; Ribeiro 2013). Within the course of a fewweeks, entire potato fields can be
destroyed. To control the disease, potato growers heavily rely on chemical control, and
typically spray fungicides every 5-7 days, up to 16 times per growing season (Haverkort et
al. 2008).
1.2 The class oomycetes
More than 170 years since the first appearance of late blight in Europe (Box 1) and the
first description of the late blight pathogen byMarie-Anne Libert (Libert 1845), oomycetes
are still oftenmistaken for fungi. Both show filamentous growth and producemycelia in
their vegetative stage, form spores for sexual and asexual reproduction, and have similar
modes of nutrient uptake and ecological niches (Judelson&Blanco 2005; Richards et al.
2006). However, oomycetes and fungi are evolutionary unrelated. Their similarities in
morphology and lifestyle aremainly a result of convergent evolution although some inci-
dences of interkingdomhorizontal gene transfermight have contributed aswell (Richards
et al. 2006; Richards et al. 2011; Savory et al. 2015). Key differences between fungi and
oomycetes are ploidy levels in the vegetative life stages and the composition of the cell
walls. Oomycetes lack a free haploid life stage, and their cell wall is composed of cellulose
andβ-glucans,whereas chitin is themain componentof fungal cellwalls (Bartnicki-Garcia
1968; Judelson&Blanco 2005).
Whereas fungi belong to the taxonomic lineage of unikonts, to which also metazoans
(animals) and amoebozoans belong, oomycetes are heterokonts and are more closely
related to brown algae and diatoms (Figure 1.1) (Koonin 2010). Together with these taxa,
oomycetes constitute the lineage of stramenopiles. It is estimated that oomycetes and
diatoms diverged 400 million years ago (mya), and that the two major oomycete lin-
eages, Peronosporales and Saprolegniales (Figure 1.1), diverged 200mya (McCarthy&
Fitzpatrick 2017). Fossil records provide evidence for oomycete parasitism as early as 315
mya (Strullu-Derrien et al. 2011), and since the earliest branching oomycete Eurychasma
dicksonii is a parasite of brown seaweeds (Kupper et al. 2006) it is likely that pathogenic-
ity is an ancestral trait of oomycetes. Present-day oomycetes are either pathogenic on
plants, insects, vertebrates, ormicrobes, or are saprophytic, in either aquatic or terrestrial
ecosystems. While some genera such as Phytophthora, Peronosporaceae, and Albuginaceae,
are entirely pathogenic others harbor both saprophytic and opportunistic pathogens. An
example is the genus Pythiumwith themajority of species being plant pathogens, but
some other species known to be pathogenic onmammals or othermicroorganisms. In
aquatic ecosystems, Saprolegniales are among themost ubiquitousmicrobes, of which
themajority are saprotrophs involved in nutrient cycling (Shearer et al. 2006). However,
11
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Figure 1.1 |Consensus cladogramof the class oomycetes. The cladogram also includes other
lineages such as Diatoms, Alveolata, and Rhizaria. Reproduced fromMcCarthy and Fitzpatrick
(2017).
some species from the genera Saprolegnia andAphanomyces are pathogenic on economic
important organisms such as salmon and crayfish (Dick 2001).
1.3 Theharmful plant pathogens of the genusPhytophthora
The Phytophthora genus currently encompasses over 180 species, which are all plant patho-
gens (A.DeCock, personal communication). While some species haveanarrowhost range,
others have a very wide host range. Phytophthora palmivora can infect over 170 species of
host plants in the tropics and subtropics, including species such as cacao, citrus, rubber,
coconut, and oil palm (Torres et al. 2016). Phytophthora capisici also has a broad host range
with tomato, legumesand cucurbits as economically important crops (Kamounet al. 2015).
Amore specialized species is Phytophthora sojae that only infects soybean (Kamoun et al.
2015). While most research focusses on Phytophthora diseases in agricultural settings,
also native plants species are affected. For example, inWestern Australia Phytophthora
cinnamomi, known as the ‘biological bulldozer’, is pathogenic on over 3000 plant species
(Hardham2005; Ribeiro 2013). It caused the death of 75% of the flora in over hundreds of
thousands of hectares of the jarrah forests (Weste&Marks 1987). Phytophthora ramorum is
the causal agent of blight in awide range of woody plants. In oak and tanoak, the disease
is named sudden oak death and is responsible for a rapid decline in native tree species in
states on thewest coast of the U.S. (Rizzo&Garbelotto 2003; Grunwald et al. 2008).
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Phytophthora spp. share a similar life cycle. During vegetative growth, a branching network
of hyphae is formed, known as mycelium. As the life cycle progresses, asexual spores,
or sporangia, are produced. Under the right environmental conditions, the sporangial
cytoplasm cleaves, leading to a zoosporangium. The conditions under which a zoospo-
rangium releases its zoospores differs between species; while for P. infestans cool,moist
conditions are a stimulus for zoospore release, P. palmivora sporangia release zoospores
upon exposure to light. Zoospores are the principal dispersal and infection propagules of
oomycetes, and they are attracted towards a suitable infection site by chemotaxis. Also
sporangia can serve as infection propagules, as they can directly germinate and penetrate
host plant cells. Various compounds such as vitamins, organic acids, amino acids and phe-
nolic compounds can serve as chemoattractants for Phytophthora spp. (Khew&Zentmyer
1973).
1.4 Eukaryotic cellular signal transduction pathways
Signaling throughG-proteins
To respond to environmental cues, amolecular system capable of receiving and transduc-
ing extracellular signals is essential for any organism. In eukaryotes, a fundamental and
universal signal transduction pathway is G-protein signaling. A simplified overview of
this pathway is presented in Figure 1.2. G-protein signaling is shared by species from all
eukaryotic supergroups andwas already present in the last eukaryotic common ancestor
(LECA) (deMendoza et al. 2014). The central elements of G-protein signaling are guanine
nucleotide binding (G) proteins and G-protein coupled receptors (GPCRs). Characteristic
for the topology of GPCRs are the seven transmembrane (TM) spanningα-helices that are
linkedby three intracellular and three extracellular loops. AGPCR is oriented in such away
that theN-terminal tail is located extracellularly and the C-terminal tail intracellularly.
The extracellular loops and theN-terminal tail make up the ligand binding pocket, while
the intracellular domains are involved in downstreampropagation of the signal.
In mammalians, G-protein signaling is involved in a wide variety of processes, such as
sensory perception (e.g. taste, smell, and light), and sensing various compounds such as
neurotransmitters, immunogenic compounds, hormones, or pheromones. Humans have
over 1000 genes encoding GPCRs (Insel et al. 2012). However,many of these GPCRs are so-
called orphans; receptors for which neither the ligand nor its function is known. In some
animals the number of genes encoding GPCRs is even higher: inmice (Musmusculus) for
example, over 2400 GPCRs are predicted and in elephants (Loxodonta africana) some 3400
(Insel et al. 2012). Due to their pivotal role in the regulation of several processes, such as
cell proliferation, homeostasis, andmetabolism,GPCRs are theprimary targets ofmodern
drugs in humanmedicine. More than 30% of human drugs target GPCRs (Santos et al.
2017). Lower eukaryotes typically have fewer GPCR genes. The slimemoldDictyostelium
discoideum, for example, has 55 genes encoding GPCRs among which the well-studied
13
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Figure 1.2 | Overview of the classical G-protein signaling pathway in a typical eukaryote. A GPCR is constituted
by seven transmembrane domains (blue cylinders), and is associated with a heterotrimeric G-protein complex in
its inactive state, in which Gα is bound to GDP. Upon ligand binding, the GPCR changes conformation, and Gα
andGβγ dissociate from each other and from the receptor. The activated Gα andGβγ subunits lead to activation
of downstream effector proteins. Alternatively, small G-proteins, such as Ras, can induce effector proteins. AC:
adenylate cyclase; PDE: phosphodiesterase; PKA protein kinase A; PKC: protein kinase C; PLC: phospholipase C; PI3K
phosphatidylinositol kinase; PIPK: phosphatidylinositolphosphate kinase; INPP: inositol polyphosphate phosphatase;
PIP: phosphatidylinositolphosphate; PLD: phospholipase D; PA: phosphatidic acid; PC: phosphatidylcholine; ER:
endoplasmatic reticulum; IP3: inositoltrisphosphate; DAG: diacylglycerol. Examples of cellular responses are depicted
in dashed boxes.
cAMP receptors that coordinate aggregation of single cells into amulticellular organism
(Prabhu et al. 2007). The yeast Saccharomyces cerevisiaehas only three GPCR genes which
are involved in the recognition ofmating pheromones and sugars (Overton et al. 2005).
In its inactive, basal state, a typical GPCR is linked to a heterotrimeric G-protein complex,
which consists of G-protein subunitsα (Gα),β (Gβ), andγ (Gγ) (Rosenbaum et al. 2009),
with Gα bound to GDP. Upon ligand binding, a conformational change is induced in
the GPCR, after which the G-protein complex dissociates from the receptor, and GDP is
exchanged for GTP on the Gα subunit (Figure 1.2). As a result, the 'switch’ regions of Gα
that are involved in nucleotide binding undergo a conformational changewhich leads to
dissociation of Gα andGβγ (Clapham&Neer 1997). In turn, the activated Gα andGβγ
subunits regulate downstream enzymes such as adenylate cyclase (AC), phospholipase C
(PLC), or phosphoinositide 3-kinase (PI3K) (Figure 1.2). These effectors are involved in the
production of secondarymessengers, such as cAMP, Ca2+, and IP3 (Neves et al. 2002).
Other players inG-protein signaling are small G-proteins (or small GTPases). In contrast to
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heterotrimeric G-proteins, small G-proteins act individually and are not directly activated
by GPCRs (Sah et al. 2000). Instead, guanine nucleotide exchange factors (GEFs) and
GTPase-activating proteins (GAPs) regulate small G-protein activity (Bos et al. 2007), by
accelerating the exchange of GDP for GTP and subsequent hydrolysis, respectively. Small
G-proteins can be subdivided in five main families: Ras, Rab, Rho/Rac/Cdc42, Sar/Arf1,
and Ran (Takai et al. 2001). Rho-dependent pathways have been shown to regulate the
phospholipid kinases PI3K and PI(4)P 5-kinase (PIP5K) (Sah et al. 2000). Cdc42 is an
important cell cycle regulator.
Signaling throughphospholipids
Phospholipids are amphiphilicmolecules, composed of a phosphate-bound hydrophilic
head group and two fatty acid tails, and are themain constituents of eukaryotic plasma
membranes. Additionally, they play an important role as signaling molecules. An im-
portant class of phospholipids is that of phosphoinositides, which have inositol as a
head group. The most basic form, phosphatidylinositol (PI) is synthesized from CDP-
diacylglycerol andmyo-inositol by PI-synthase (PIS) and can be phosphorylated on three
positions on the inositol ring, to form PI-phosphate (PIP), PI-bisphosphate (PIP2), or
PI-trisphosphate (PIP3). The enzymes responsible for the phosphorylation are named
according to their substrate specificity and activity. For example, the enzyme PI(4)P 5-
kinase phosphorylates the 5’ position on the inositol ring of PI(4)P, yielding PI(4,5)P2. For
simplicity, all different catalytic types of PIP kinases will be referred to as PIPKs. Dephos-
phorylation of PIPs is carried out byphosphatases from the class of inositol polyphosphate
phosphatases (INPPs).
Based on the constitution of the polar head group, different protein targets can be acti-
vated to initiatedownstreamresponses. Phospholipid-bindingproteinsoftenhavespecific
affinity for a particular phosphorylation stage of the inositol head group. For example,
the pleckstrin homology (PH) domain ofmouse Sos1, a Ras GTPase, has been shown to
have specific affinity for PI(4,5)P2, but not for PI(4)P (Kubiseski et al. 1997). Consequently,
the phosphorylation stage ofmembrane phospholipidsmay contribute to its localization
(Kubiseski et al. 1997). Phosphatidic acid (PA) is the simplestmembrane phospholipid but
is also a central signaling component acting as a secondmessenger (Wang et al. 2006).
Twomain pathways for synthesis of PA are via hydrolysis of phospholipids by phospholi-
pase D (PLD), and phosphorylation of diacylglycerol (DAG) byDAG kinase (DGK) (Wang
et al. 2006). Increased levels of cellular PA have been reported to influence amultitude
of effector proteins, thereby regulating processes such as actin polymerization, vesicular
trafficking, or polarized cell growth (Wang et al. 2006).
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What signal transduction pathways are in play in oomycetes?
So far, research on G-protein signaling in oomycetes is primarily limited to studies in two
Phytophthora species, P. infestans and P. sojae. In P. infestans, genes encoding Gα (Pigpa1)
(Latijnhouwers et al. 2004) and Gβ (Pigpb1) (Latijnhouwers & Govers 2003) have been
studied, and in P. sojae the genes encoding Gα (Psgpa1) (Hua et al. 2008) and a GPCR
(Psgpr11) (Wang et al. 2010). Both Pigpa1 and Pigpb1 are differentially expressed in life
stages of P. infestans, with the highest expression in sporangia (Laxalt et al. 2002). Gα
mutants obtained by transcriptional silencing show impaired zoosporemovement, and
reduced auto-aggregation and chemotaxis (Latijnhouwers et al. 2004). This indicates a
role for PiGPA1 in orienting, and/ormoving towards a suitable site of infection. Silenced
lines show reduced virulence when inoculated on potato (Latijnhouwers et al. 2004).
Likewise, in P. sojae, Psgpa1 silencing affected zoospore chemotaxis towards the soybean
isoflavone daidzein, zoospore encystment and cyst germination, and Psgpa1-silenced
transformants were unable to infect soybean (Hua et al. 2008). Similar to the phenotype
observed in Psgpa1-silenced transformants, zoospore release was severely impaired in
PsGPR11-silenced transformants (Wang et al. 2010). In contrast, no effects were observed
in chemotaxis towards the soybean isoflavone daidzein. Silencing of the gene encoding
Gβ in P. infestans resulted in a significant reduction of the number of sporangia when
cultured on rye sucrose agar (RSA) (Latijnhouwers & Govers 2003). In addition, a few
G-protein interacting proteins and potential downstreamproteins have been identified
(Dong et al. 2004; Zhang et al. 2016).
Oomycete phospholipid signaling holds unique features
A hallmark of oomycete phospholipid signaling is their expanded repertoire of phospho-
lipidmodifying and signaling enzymes (PMSEs), only a few ofwhich resemble domain
architectures as known fromother eukaryotes (Meijer &Govers 2006; Jiang et al. 2013;
Sharmaet al. 2015). For example, several phospholipaseDs (PLDs)withN-terminal TMdo-
mains or a signal peptide, and distinct types of PI-kinases (PIKs) and PIPKswere identified.
Of the 18 PLD genes in P. infestans, 17 represent novel subfamilies (Meijer et al. 2011), and
similar compositions were found in P. sojae and P. ramorum (Meijer &Govers 2006). One
subfamily contains potentially secreted PLDs, and indeed extracellular PLD activity was
observed in several P. infestans strains (Meijer et al. 2011). Functional analysis of oomycete
PMSEs is limited to a few studies (Hua et al. 2013; Lu et al. 2013; Yang et al. 2013).
1.5 CRISPR/Cas9
Amolecular toolbox is elementary for functional gene analysis. By creating specificmuta-
tions in target genes, generating knockouts or altering gene expression levels, valuable
information can be obtained providing insight into the role or function of a specific gene.
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Perhaps one of the singlemost important advances inmolecular biology in recent years
was the development of a targeted genome editing systembased on CRISPR/Cas9 (short
for clustered regularly interspaced short palindromic repeats, and CRISPR associated
protein 9, respectively). Genome editing using CRISPR/Cas9 offers an efficient approach
for targetedmutagenesis and has been applied in awide variety of prokaryotes and eu-
karyotes (Sander & Joung 2014).
For the past two decades or so, since the first reliable DNA transformationmethod for
Phytophthorawas developed (Judelson et al. 1991), gene silencing and localization of fluo-
rescent fusion proteins have been the prime approaches for functional gene analysis in
oomycetes. However, due to the random integration of transgenes and varying levels of si-
lencing efficiency, resultswith transformed lines often vary not only between experiments
and labs but also between biological replicates (Fang& Tyler 2016). Moreover, knockouts
are not feasible due to random integration of transgenes and low rates of homologous
recombination. After overcomingmany technical difficulties, Fang and Tyler developed
a CRISPR/Cas9 system (Box 1.2) for P. sojae and demonstrated the induction of targeted
indels in the target gene, as well as gene replacement of the target gene (Fang & Tyler
2016). The systemproved to be efficient in obtaining gene knockouts and gene deletions,
and has since been used successfully for genome editing and knockoutmutagenesis in
P. sojae (Ma et al. 2017), P. palmivora (Gumtow et al. 2017), and P. capsici (Tyler, personal
communication). With this addition, themolecular toolbox of oomycetes is up to parwith
that of other eukaryotes. However, to date, it has not yet been employed in P. infestans.
1.6 Scope of this thesis
The research presented in this thesis comprehends an integratedmolecular and bioinfor-
matic approach, aimedat gaining insight into cellular signalingand cytoskeletal dynamics
of the late blight pathogen P. infestans. These are elementary cellular processes, and, al-
though being highly conserved in the eukaryotic kingdom, holdmany unique features.
With theultimategoal inmindof identifyingnovel targets for specific control ofP. infestans,
functional characterization of cellular signaling and cytoskeletal dynamics will provide
invaluable insights in this respect.
The first two experimental chapters deal with components of G-protein signaling in oomy-
cetes. In Chapter 2 of this thesis, amolecular phylogeny of a unique family of GPCRswith
a phospholipid kinase (PIPK) domain is presented and the sporadic distribution of this
so-calledGPCR-bigramover various supergroups in the tree-of-life is analysed. Further, we
inventoried the proteome of P. infestans for GPCRs, with specific emphasis on identifying
additional GPCR-bigrams. In Chapter 3 of this thesis Pigpg1, a gene encoding a putative
G-proteinγ subunit of P. infestans, is analyzed in detail. Gα andGβ have been described
and characterized before, and here we present in silico and in vivo data on the smallest
subunit of the heterotrimeric G-protein complex in P. infestans.
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Chapter 4 covers a study on themicrotubule cytoskeleton of Phytophthora. An inventory
of tubulin- andmicrotubule-associated protein (MAP) encoding genes in P. infestans is pro-
vided andwe present the first live cell imaging of the tubulin cytoskeleton in Phytophthora.
A recent advance in targeted genome editing using CRISPR/Cas9 in P. sojae (Fang& Tyler
2016) enabled for the first time to obtain gene knockouts in an oomycete and to perform
targetedmutagenesis. The CRISPR/Cas9 systemwould be asset for themolecular toolbox
of P. infestans. In Chapter 5, a case study on the establishment of this system in P. infestans
is presented.
In Chapter 6, themain results of this thesis are integrated and discussed in a broader con-
text. Remarkable features of oomycetes and their cellular signaling systems are outlined,
and future directions are proposed on how to exploit this knowledge for disease control.
1.6. Scope of this thesis
Box 1.2 | CRISPR/Cas9 for genomeediting
Little techniques have revolutionized themolecular biology field asmuch as genome
editing using CRISPR/Cas9. First discovered as a bacterial and archaeal adaptive
immune system against viral invaders (reviewed in (Bhaya et al. 2011, Lander 2016)),
the real breakthrough came when the system was shown to be programmable
to induce site-specific DNA cleavage in vitro (Jinek et al. 2012). Soon thereafter,
CRISPR/Cas9-mediated introduction of targeted double-strand breaks (DSBs) in
human cells (Cho et al. 2013), and inmany other eukaryotic organisms (Sander &
Joung 2014) was demonstrated.
Cas9
gRNA
Non-homologous 
end joining (NHEJ)
Homology directed 
repair (HDR)
Donor DNA
Insertion/deletion
DSB DSB
NGG
In CRISPR/Cas systems for genome editing, a nuclease, e.g. Cas9, is targeted to the
desired DNA sequence by a so-called synthetic guide RNA (gRNA). The protospacer,
twenty nucleotides at the 5’ end of the gRNA, directs Cas9 to a specific target DNA
site, whichmust be immediately 5’ of a PAM (protospacer adjacentmotif) sequence
(Ran et al. 2013). The nature of the PAM sequence depends on the nuclease; for Cas9
the canonical form is NGG.When Cas9 is directed to the target site, it induces a DSB.
Two major DNA damage repair pathways are available for repair of the DSB: the
error-prone non-homologous end joining (NHEJ) and the high-fidelity homology-
directed repair (HDR) pathway (Ran et al. 2013). When no repair template is present
DSBs are repaired viaNHEJ,which often leads to insertions/deletions (indels) around
the position of the DSB.When in a coding region, these indels can cause frameshift
mutations or premature stop codons. When a repair template is supplied, specific
mutations can be introduced via repair usingHDR, though this repairmechanism
occurs at a lower frequency than NHEJ (Ran et al. 2013). Templates for HDR can
be delivered as plasmidDNAor single-stranded oligodeoxynucleotides (ssODNs),
and consist of the actual repair template containing the desiredmutation(s) or the
sequence to be integrated, flanked by sequences of sufficient length (50-150 nt for
ssODNs, up to 1 kb for plasmidDNA) that are homologous to the sequences at the
preferred integration site.
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Chapter 2
Thepresence of GPCR-bigrams in the
eukaryotic kingdom
Johan van denHoogen, Harold J. G.Meijer, Michael F. Seidl, Francine Govers
This chapter is published as: The ancient link between G-protein coupled receptors and C-terminal phospholipid
kinase domains (2018),mBio 9. doi: 10.1128/mBio.02119-17
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2.1. Abstract
2.1 Abstract
Sensing external signals and transducing these into intracellular responses requires a
molecular signaling system that is crucial for every living organism. Two important eu-
karyotic signal transduction pathways that are often interlinked are G-protein signaling
and phospholipid signaling. Heterotrimeric G-protein subunits activated by G-protein-
coupled receptors (GPCRs) are typical stimulators of phospholipid signaling enzymes such
as phosphatidylinositol phosphate kinases (PIPKs) or phospholipase C (PLC). However, a
direct connection between the two pathways likely exists in oomycetes and slimemolds,
as they possess a unique class of GPCRs that have a PIPK as an accessory domain. In prin-
ciple, these so-called GPCR-PIPKs have the capacity of perceiving an external signal (via
the GPCR domain) that, via PIPK, directly activates downstreamphospholipid signaling.
Herewe reveal the sporadic occurrence of GPCR-PIPKs in all eukaryotic supergroups, ex-
cept for plants. Notably, all species having GPCR-PIPKs are unicellularmicroorganisms
that favor aquatic environments. Phylogenetic analysis revealed that GPCR-PIPKs are
likely ancestral to eukaryotes and significantly expanded in the last common ancestor
of oomycetes. In addition to GPCR-PIPKs, we identified five hitherto-unknown classes of
GPCRswith accessory domains, four of which are universal players in signal transduction.
Similar to GPCR-PIPKs, this enables a direct coupling between extracellular sensing and
downstream signaling. Overall, our findings point to an ancestral signaling system in
eukaryotes where GPCRmediated sensing is directly linked to downstream responses.
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2.2 Importance
G-protein-coupled receptors (GPCRs) are central sensors that activate eukaryotic signaling
and are the primary targets of human drugs. In this report, we provide evidence for the
widespread though limited presence of a novel class of GPCRs in a variety of unicellular
eukaryotes. These include free-living organisms and organisms that are pathogenic for
plants, animals, and humans. The novel GPCRs have a C-terminal phospholipid kinase
domain, pointing to a direct link between sensing external signals via GPCRs and down-
stream intracellular phospholipid signaling. Genes encoding these receptors were likely
present in the last common eukaryotic ancestor and were lost during the evolution of
higher eukaryotes. We further describe five other types of GPCRswith a catalytic acces-
sory domain, the so-called GPCR-bigrams, four of whichmay potentially have a role in
signaling. These findings shed new light onto signal transduction inmicroorganisms and
provide evidence for alternative eukaryotic signaling pathways.
2.3 Introduction
To respond to environmental cues and changes, amolecular system that can receive exter-
nal signals and transduce them to intracellular responses is fundamental for every living
organism (deMendoza et al. 2014). In eukaryotes, G-protein-coupled receptors (GPCRs)
and their associated heterotrimeric G-protein complex are important and universal signal
transduction components that transduce extracellular to intracellular signals. A character-
istic feature of GPCRs is their topologywith seven transmembrane (TM)-spanning helices
flanked by an extracellular N-terminus and an intracellular C-terminus. Upon binding
of a ligand to a GPCR, conformational changes lead to activation and dissociation of the
heterotrimeric G-protein complex. G-protein subunitsα,β, andγ regulate key effector
enzymes such as adenylate cyclase (AC), phospholipase C (PLC), and phosphoinositide
3-kinase resulting in the production of secondarymessengers, such as cAMP, Ca2+, and
inositol trisphosphate (Dupre et al. 2009). GPCRsare encodedbyanevolutionarily ancient
gene family that was already present in the last eukaryotic common ancestor (LECA) (de
Mendoza et al. 2014). Inmammalians, this is the largest superfamilywith genes encoding
a very diverse group of transmembrane (TM) proteins. Humans, for example, have over
800 GPCRs (Fredriksson & Schioth 2005). They function in a wide variety of processes
not only as sensory receptors for taste, smell, or light (rhodopsin) but also as receptors
of neurotransmitters, hormones, and nucleotides (Fredriksson& Schioth 2005; Rosen-
baum et al. 2009). Consequently, several GPCRs are important targets ofmodern drugs
in humanmedicine, with over a third of all drugs targeting GPCRs (Rask-Andersen et al.
2011). Lower eukaryotes typically have fewer GPCRs thanmammalians. For example, the
slimemoldDictyosteliumdiscoideumhas 55GPCRgenes (Prabhuet al. 2007)while the yeast
Saccharomyces cerevisiae has only 3 GPCR genes (Kraakman et al. 1999; Overton et al. 2005).
Our research focuses on plant-pathogenic microbes, organisms for which cellular sig-
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naling is of utmost importance for responding to environmental cues but especially for
recognizing suitable hosts for infection. Arguably, among themost important group of
plant pathogens are oomycetes (also known as water molds). Oomycetes occupy envi-
ronmental niches similar to fungi but do not belong to the fungal kingdom (Kamoun et
al. 2015). Instead, oomycetes belong to the stramenopiles, a lineage that also includes,
among others, brown algae and diatoms (Lévesque 2011). One of the most notorious
oomycetes is the late blight pathogen Phytophthora infestans, the culprit responsible for
the Irish potato famine in themid-19th century (Fry 2008).
Genome comparisons betweenoomycetes andother eukaryotes revealeddistinct features
of their geneandprotein repertoires (Govers&Gijzen2006; Tyler et al. 2006). Thenumber
of distinct protein domain combinations, or bigrams, is significantly higher in oomycetes
than in organisms with similar numbers of domain types, andmany proteins involved
in cellular signaling are composed of unique bigrams (Seidl et al. 2011). For example,
there aremany oomycete-specific classes of protein kinases with accessory domain com-
binations not observed in other lineages (Judelson & Ah-Fong 2010). Another unique
protein domain combinationwas found in the family of GPCR-PIPKs, phosphatidylinos-
itol phosphate kinases (PIPKs) with an N-terminal GPCR (Meijer & Govers 2006). The
combination of a GPCR and a PIPK domain in one protein suggests that these proteins
can function as a link between two important signaling networks, i.e. G-protein signaling
and phospholipid signaling. The products of PIPKs, such as PI(4,5)P2, are both important
membrane components and universal signaling components. For some time GPCR-PIPKs
were thought to have limited phyletic distribution, as only one homologwas identified
outside the oomycetes, namely RpkA (Bakthavatsalamet al. 2006), a receptor in the slime
moldDictyosteliumdiscoideum that is involved in phagocytosis (Riyahi et al. 2011). More
recently, GPCR-PIPK genes were identified in ciliates and in lower unikonts (Leondaritis et
al. 2013), suggesting that GPCR-PIPKs aremorewidespread than previously thought.
The aimof this studywas to provide a comprehensive overviewof the distribution ofGPCR-
PIPKs among eukaryotes and to gain insight into their origin and evolution. We identified
GPCR-PIPKs throughout eukaryotes and reconstructed theirmolecular phylogeny. With
the aim to identify additional GPCR-bigrams, i.e. proteins with a GPCR domain and an
accessory domain,wemined theP. infestansgenome forGPCRs and identified five hitherto-
unknown GPCR-bigram types, some of which are shared in other eukaryotes. Of these,
four link GPCRs to accessory domains with roles in signaling. Taken together, our results
suggest the presence of alternative signaling pathways in eukaryotes with GPCR-bigrams
as central elements.
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2.4 Results
GPCR-PIPKs are conserved in oomycetes
Previously, GPCR-PIPKswere identified in Phytophthora species but also in a few closely
related downy mildews such as Hyaloperonospora arabidopsidis and Plasmopara halstedii
(Meijer &Govers 2006; Haas et al. 2009; Baxter et al. 2010; Sharma et al. 2015). Here, we
analyzed the genomes of 20 oomycetes ( S2.1) for the presence of GPCR-PIPKs. These 20
include species fromdifferent genera and are pathogenic for both plants and animals. We
found that the GPCR-PIPK family is conserved in all 20 oomycetes with 9 to 13 GPCR-PIPK
genes in each species (Table S2.1). The geneswere namedD1 throughD12, in linewith
the nomenclature of and similarity to P. infestans GPCR-PIPKs (Table S2.2) (Haas et al.
2009). Despite the high conservation of the GPCR-PIPK family throughout oomycetes, we
observed some differences between species. For example, duplications of several GPCR-
PIPKs are found inAlbugo,Aphanomyces, and Saprolgenia species, while GPCR-PIPKD9 is
found only inHyaloperonospora,Phytophthora, and Pythium species (Table S2.2).
GPCR-PIPKs are present in various eukaryotic genera
The finding that GPCR-PIPKs are not limited to oomycetes and amoebozoans but also
occur in ciliates and Choanoflagellates (Riyahi et al. 2011; Leondaritis et al. 2013) raised
the issue of howwidespread GPCR-PIPKs are in eukaryotes. We performed a combina-
tion of iterative BLAST, hidden Markov model, and text-based searches (Figure S2.1a)
against proteomic data from awide range of species, including archaea, bacteria, and all
eukaryotic supergroups. We identified 60 proteins that contain a 7TMdomain preceding
a PIPK domain and that are thus bona fideGPCR-PIPKs (Table S2.3). They are distributed
over distantly related taxa in eukaryotic supergroups (Figure 2.1), with the exception
of the plant kingdom. Within Stramenopiles, the lineage that comprises the oomyce-
tes, we could detect GPCR-PIPKs in only one non-oomycete species, the algaAureococcus
anophagefferens ( S2.1). GPCR-PIPKs occur in several Chromalveolates, the supergroup
that includes the Stramenopiles and ciliates. In several ciliates, for example, in Stylonychia
lemnae, we found numerous GPCR-PIPKs (Table S2.1). The haptophytes Emiliania huxleyi
and Chrysochromulina tobin possess three and four GPCR-PIPKs, respectively. Haptophytes
are a group of marine protists whose origin dates back to approximately 1,000 to 600
million years ago (mya) (Liu et al. 2010). In unikonts, the supergroup that includes the
metazoans, homologs ofD. discoideum RpkA could be identified in numerous amoebo-
zoans (Table S2.1). GPCR-PIPKs were also identified in early branching unikonts such
as the choanoflagellate Salpingoeca rosetta and the Apusozoa Thecamonas trahens (Table
S2.1). Additionally, we identified GPCR-PIPKs in other premetazoans such as Capsaspora
owcarzaki and the spongeAmphimedon queenslandica. However, GPCR-PIPKs seem to be
absent frommulticellularmetazoans and fungi. Furthermore, homologs could be found
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in twoNaegleria species in the supergroup Excavates and as detailed below, in two species
in the supergroup Rhizaria (Table S2.1).Naegleria spp. are free-living protists belonging
to theHeterolobosea, a lineage that diverged fromother eukaryotes over a billion years
ago (Fritz-Laylin et al. 2010). In summary, GPCR-PIPKs seem to occur inmultiple diverse
genera throughout the eukaryotic tree of life and yet they are restricted to unicellular and,
inmost cases, to species that diverged early (Figure 2.1).
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Figure2.1 |Consensus cladogramof selected eukaryotes, highlighting in bold lineages and generawith species having
one ormore GPCR-PIPKs. The size of the circles is proportional to the average number of GPCR-PIPKs per taxon. The
tree is based on phylogenies described by Keeling et al. (2005) and Koonin (2010), the placement of the Apusozoa is
based on Paps et al. (2013). Dashed polytomies indicate unresolved relationships.
MostGPCR-PIPKs share a novel central conservedmotif LRxGI
To identify conserved amino acidmotifs in GPCR-PIPKs, wemade amultiple sequence
alignment of all identified GPCR-PIPKs. Inmost GPCR-PIPKs, conservedmotifs, such as
the catalytic DLGKS andMDYSLmotifs (Anderson et al. 1999) and the (di)lysinemotif in
the activation loop (Bakthavatsalam et al. 2006), which is involved in substrate specificity
(Kunz et al. 2000), can be identified in the PIPK domain (Figure 2.2). In between the
GPCR and PIPK domain, we observed a short region that is highly conserved (Figure 2.2).
The highest identity is traced across 13 amino acids and the consensus starts with a highly
conserved leucine-arginine (LR) dimer followed by nine less extensively conserved amino
acids and a glycine-isoleucine (GI) dimer at the end (Figure 2.2) - further referred to as the
LRxGImotif. It consists of both hydrophobic and hydrophilic amino acids, and according
to a preliminary secondary structure prediction using Phyre2 (Kelley et al. 2015) itmost
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likely adopts anα-helical structure (data not shown). The LRxGImotif is present in all 223
oomycete GPCR-PIPKs included in this study. Among the 60 non-oomycete GPCR-PIPKs
themotif is absent in 9 genemodels, mostly in ciliate GPCR-PIPKs (Table S2.3).
We next examinedwhether the LRxGImotif is unique for GPCR-PIPKs or also occurs in
other protein sequences. Using themotif sequence as a query, BLAST andHMMsearches
resulted exclusively in hits in GPCR-PIPKs. Notably, two newGPCR-PIPKs were identified
that were not detected in the search strategymentioned above. Hits in Reticulomyxa filosa,
a species in the supergroupRhizaria, targeted two truncated genemodels, one containing
a GPCR regionN-terminal of the LRxGImotif and the other with a PIPK domain at the C-
terminus. The genome assembly of R. filosa is highly fragmented (Glockner et al. 2014), so
the twogenemodels possibly represent only oneGPCR-PIPKgene. Although the sequence
overlap of the two genemodels is too small, the presence of an LRxGImotif as hallmark
of a GPCR-PIPK, led us to conclude that R. filosahas one or possiblymore GPCR-PIPKs. By
using the sequence of reconstituted R. filosaGPCR-PIPK as the search query, twomore
homologs in the Rhizaria supergroupwere identified, namely, in the species Bigelowiella
natans.
GPCR-PIPKs have distinct kinase domains
We next examined the evolutionary relationship of the GPCR-PIPKs. To this end we re-
trieved sequencesof all PIPKs that arepresent inorganisms inwhichwe foundoneormore
GPCR-PIPKs (Table S2c, S2d). A typical eukaryote contains three types of PIPKs, referred
to as type I, II, and III, which are grouped based on their catalytic activity and differ in
domain composition (Figure 2.3a). Since the PhytophthoraGPCR-PIPKs andDictyostelium
RpkA forma separate branch in the phylogenetic tree, theywere classified as type IVPIPKs
(Riyahi et al. 2011). To reconstruct the overall PIPK phylogenywe included sequences of all
four types andusedonly the regions covering thePIPKdomain. Our phylogenetic analyses
confirmed earlier studies (Bakthavatsalam et al. 2006;Meijer &Govers 2006), showing
that the catalytic PIPK domains of GPCR-PIPKs (type IV) are distinct from the three other
PIPK types. Moreover, type IV PIPKs seem to bemore closely related to type I and II than
to type III PIPKs (Figure 2.3b). Of the 445 PIPKs present in the tree, 9 are derived from
genemodels which either are truncated or have equivocal protein domain predictions
(Table S2.5), and hence the classification based on domain composition is ambiguous. Al-
though classified as type I, II, or III PIPKs they aremost likely type IV PIPKs, i.e. GPCR-PIPKs
(Figure 2.3b). The relationships between the PIPK domains of oomycete GPCR-PIPKs
(Figure S2.2) reflect the oomycete species phylogeny (Figure S2.3), and as such, it is likely
that GPCR-PIPKs and the subsequent expansion of the family are ancestral to oomycetes.
Group D11 and D12 GPCR-PIPKs form a clade separate from other GPCR-PIPKs (Figure
2.3b), whichmight indicate a separate origin.
SomeGPCR-PIPKs in phytoplanktonic species are present within the clades comprising
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Figure 2.2 |Degree of conservation of all GPCR-PIPKs included in this study (top) and sequence logo of the newly
identified LRxGImotif (bottom). The degree of conservationwas determined by the use of a slidingmoving average
over 50 positions. The approximate positions of three conserved PIPKmotifs (DLGKS,MDYSL, and KK) are indicated.
Color coding of amino acid residues in the sequence logo is shown according to chemical properties as follows: red,
acidic; blue, basic; black, hydrophobic; purple, neutral; green, polar.
primarily oomycete GPCR-PIPKs. For example, an A. anophagefferensGPCR-PIPK forms
a clade together with the oomycete GPCR-PIPKs D9 (Figure 2.3b). The placement of
two E. huxleyi and two C. tobinGPCR-PIPKs in the clade containing oomycete GPCR-PIPKs
D11 and D12 is strongly supported by bootstrap analysis (Figure 2.3b). This indicates
that an ancestral GPCR-PIPKwas present in the ancestor of oomycetes, haptophytes, and
Pelagophyceae, which are three lineages within the Chromalveolates. Notably, all ciliate
GPCR-PIPKs cluster in one clade. Even though their phylogenetic positionmight suggest
that these GPCR-PIPKs arose independently of the other GPCR-PIPKs, the phylogenetic
support is insufficient to firmly establish this hypothesis. The recent whole-genome
duplication events in P. tetraurelia (Aury et al. 2006) are clearly reflected in duplications of
GPCR-PIPKs. A similar pattern is observed in the other ciliates included in this study.
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Figure 2.3 | (a) Typical domain organization in the four PIPK types. The regions contained in the dashed box are used
for constructing the tree. Protein and domain lengths are not on scale. b) Phylogenetic tree of type I, II, III and IV
PIPKs. The outer circle shows the classification of PIPKs based on domain composition with orange representing
type I, II, and III PIPKs and lime type IV PIPKs (i.e. GPCR-PIPKs). Split-color bars indicate truncated genemodels. The
color coding of the species names corresponds to the supergroup colors in Figure 2.1. The numbers at the nodes are
bootstrap support percentages fromRaxML (500 replicates), bootstrap values <50 are omitted. Clades encompassing
oomycete proteins are collapsed and classified based on homologywith P. infestans PIPK classes (Meijer &Govers
2006). Dashed lines are truncated for simplification and indicate arbitrary branch lengths. A tree with non-collapsed
clades and including codes of the genemodels is provided in Figure S2.2
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P. infestans andother oomycetes havemultiple GPCR-bigrams
Oomycetes have an expanded repertoire of bigrams (Seidl et al. 2011) andmany of these
unique bigrams are predicted to have a role in cellular signaling. GPCR-PIPKs are one
example, but is possible that there are other GPCR-bigrams that have the ability to link
GPCR-mediated sensing directly to specific downstream signaling pathways. To identify
other GPCR-bigrams, we first set out to identify all GPCRs present in P. infestans and then
selected the subset in which the GPCR domain is flanked by an accessory domain. These
were then used as a query to search for homologs in other oomycetes andmorewidely, in
other eukaryotes.
Identification of GPCRs based on protein sequence can be troublesome due to the lim-
ited sequence conservation across phylogenetic lineages. Hence, we exploited themost
characteristic attribute of GPCRs, theirmembrane topologywith seven TM-spanning do-
mains. To identify putativeGPCRs inP. infestans, we scanned theproteome for TMdomains
(Figure S2.1b). Approximately 18% of the gene models were predicted to encode TM-
containing proteins, which is comparable to other eukaryotes (data not shown). From a
total of approximately 3200 genemodelswe selected 687with 5 to 9 predicted TM regions.
We then used different tools to predict accessory domains and discarded those encoding
known non-GPCR TMproteins, such as transporters and ion channels. This resulted in 132
candidates with a putative GPCR signature (Table S2.6). Of these, 44 were GPCRs with
an N- or C-terminal catalytic accessory domain, or GPCR-bigrams. These included the
GPCR-PIPKs, but in addition, five novel types of GPCR-bigrams were identified (Figure
2.4) and are described below. Homologs for each of these GPCR-bigramswere found in
other oomycetes, and the copy numbers in each species were in the same range as in P.
infestans. However, the distribution of the other GPCR-bigrams outside the oomyceteswas
more restricted than the distribution of GPCR-PIPKs.
AC PDEPIPK INPP
cAMP
Tyr/Ser/Thr Tyr /Ser /Thr 
P
ATPPIP
PIP2
TKL DEP
AP
Protein Δprotein
P P
Figure 2.4 | Schematic representation of the domain organization of GPCR-bigrams in oomycetes and their predicted
catalytic activities. Blue cylinders represent transmembranehelices. PIPK:phosphatidylinositol-4-phosphate5-kinase;
INPP: inositol polyphosphate phosphatase; PIP: phosphatidylinositol; AC: adenylyl cyclase; PDE: phosphodiesterase;
DEP: Dishevelled, Egl-10 and Pleckstrin; AP: aspartic protease.
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Of the 44 GPCR-bigrams found to be encoded on the P. infestans genome, 17 have a C-
terminal tyrosine kinase-like (TKL) domain,making the GPCR-TKLs the largest group of
GPCR-bigrams in P. infestans. The occurrence of bigrams consisting of a TKL domain and
TMdomainswasalready reported inakinome inventoryofP. infestans (Judelson&Ah-Fong
2010), but the notion that these proteins have a GPCR signaturewas notmentioned. Of
the 17P. infestansGPCR-TKLs, 8 have a singleDEPdomain locatedC-terminally of the kinase
domain (Table S2.7). TheDEP domain is found in several proteins involved in G-protein
signaling and is important for interaction of those proteins with various partners at the
membrane, including phospholipids andmembrane receptors (Consonni et al. 2014).
The number of GPCR-TKL genes inmost oomycetes is similar to that in P. infestans (Tables
S2.1, S2.7). H. arabidopsidis, however, has only four homologs (Table S2.1), which is in line
with previous reports that the kinome ofH. arabidopsidis is smaller than that of P. infestans
(Judelson&Ah-Fong 2010). The low number of GPCR-TKL genes predicted in P. capsici is
likely due to poor coverage and/or annotation of the genome sequence. The slimemoldD.
discoideumhas two proteins resembling oomycete GPCR-TKLs but lacking the DEP domain
(Goldberg et al. 2006), with homologs in other amoebozoans (Table S2.1). We have no
evidence for the presence of GPCR-TKLs in organisms from taxa other than oomycetes or
amoebozoans.
The third largest group after the GPCR-TKLs andGPCR-PIPKs comprises GPCR-bigrams
that have an inositol polyphosphate phosphatase (INPP) domain as accessory domain. P.
infestanshas sevenGPCR-INPP genes and between one and nine homologs are present
in other oomycetes (Tables S2.1, S2.8). INPPs are phosphatases that can dephosphory-
late PIP2. Since PIP2 is a product of PIPK activity we speculate that the GPCR-PIPKs and
GPCR-INPPs in oomycetes operate as a couple in a cycle of phospholipid phosphorylation-
dephosporylation. In other eukaryotic taxa, the presence of GPCR-INPPs is limited to the
microalgaNannochloropsis gaditana, a species that is in the Stramenopile lineage and thus
is relatively closely related to oomycetes. Like P. infestans, N. gaditanahas sevenGPCR-INPP
genes but in contrast it lacks GPCR-PIPKs (Table S2.1).
Two novel types of GPCR-bigrams identified in this study are likely involved in cAMP
signaling. One type, encoded by four P. infestans genemodels, has adenylyl cyclase (AC) as
a C-terminal accessory domainwhile the other type, encoded by three genemodels, has
phosphodiesterase (PDE) as aC-terminal accessory domain. Adenylyl cyclases catalyze the
conversionofATP intocyclicAMPwhilePDEcanhydrolyzecAMPorother cyclicnucleotides
toATPorNTP, respectively. Other oomyceteshave comparablenumbers of genes encoding
GPCR-ACs and GPCR-PDEs, although genes encoding GPCR-PDEs could not be identified
in some species (Tables S2.1, S2.9, S2.10). Outside oomycetes, no homologs of GPCR-ACs
or GPCR-PDEswere found. These findings imply that, like phospholipid signaling, cAMP
signaling in oomycetes is to some extent regulated by proteins with aN-terminal GPCR
domain.
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The last of the six types of GPCR-bigrams is an outlier. This GPCR-bigramhas a C-terminal
GPCR domain instead of an N-terminal GPCR domain, while the N-terminus harbors
aspartic protease (AP) as an accessory domain. P. infestanshas one AP-GPCR gene, PiAP5,
which is one of the 12 P. infestans genes encoding an AP (Kay et al. 2011). On the basis
of the predicted membrane topology of AP5, we assume that the catalytic domain is
located extracellularly. This is supported by the presence of a signal peptide, which is likely
required for proper translocation of the AP domain across the endoplasmic reticulum
during posttranslational processing of the protein. All other oomycetes have a single
homolog of PiAP5 (Tables S2.1, S2.11). Outside the oomycetes however, no proteins with
similarity to AP-GPCR could be identified.
2.5 Discussion
Domain rearrangements are perhaps among themost important factors in the evolution
ofmultidomain proteins (Bjorklund et al. 2005). Suchmechanisms, by recombining exist-
ing domains, can lead to novelmultidomain proteins, possibly including proteins with
different or new functions. Manymultidomain proteins, oftenwith domain combinations
not found elsewhere, have been observed previously in oomycetes (Seidl et al. 2011). Sev-
eral of theseproteins have aGPCRdomain, indicating adirect linkbetweenenvironmental
sensing and intracellular signaling (Meijer &Govers 2006). Here we provide evidence for
amorewidespread presence of one such bigram type, the GPCR-PIPK. Also, we show that,
in addition to GPCR-PIPKs, oomycetes have five other distinct types of GPCR-bigrams, four
of which have potential roles in signal transduction.
GPCR-PIPKs were first identified in the genus Phytophthora (Meijer & Govers 2006). In
this report, we show that all oomycetes species that have been sequenced to date have a
family of at least nine GPCR-PIPKs and that several species in taxa other than oomycetes
also have GPCR-PIPKs, albeit typically in smaller numbers. We identified GPCR-PIPKs in
species belonging to four of the five eukaryotic supergroups, with the exception being
plants; however, their presence is limited to a relatively small number of organisms. These
organisms are evolutionary very distantly related. For example, the evolutionary distance
between the genera Phytophthora andNaegleria is extremely large and likely similar to the
distance to LECA, i.e. over a billion years (Koonin 2010; Koumandou et al. 2013). Taken
that horizontal gene transfer (HGT) events are rare (Keeling& Palmer 2008), and that the
general species phylogeny is reflected in the phylogenetic reconstruction of GPCR-PIPKs,
HGT isunlikely tohavehadamajor role in theevolutionofGPCR-PIPKs. Moreover, features
shared byNaegleria spp. and other eukaryotic groups are likely to have existed in their
common ancestor (Fritz-Laylin et al. 2010). Consequently, the widespread presence of
GPCR-PIPKs in taxonomically unrelated groups is best explained by a shared ancestry in
the LECA, fitting earlier hypotheses (deMendoza et al. 2014).
Despite their evolutionary distance, organismswithGPCR-PIPKs share some features. The
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first, andmost obvious, is that all can be regarded as unicellularmicroorganisms. Second,
most organisms occupy similar environmental niches, residing in awatery environment,
and have an important swimming life stage. While some are harmlessmicroorganisms,
many species, such as the human pathogensNaegleria foweri and Acanthamoeba castellani
and themany plant and animal pathogenic oomycetes are important pathogens. Others,
suchasAureococcus anophagefferensandEmilianiahuxleyi, havean importantenvironmental
impact and can cause harmful algal blooms.
AlthoughGPCRs andG-proteins are ubiquitously present inmetazoans, GPCR-bigrams
are rare or even nonexistent. Somemetazoan GPCRs contain N- or C-terminal extensions,
but thesedonot contain catalytic domains. SinceGPCR-PIPKgenes canbe identified in the
common ancestors ofmetazoans, such as sponges and choanoflagellates, it is likely that
these geneswere lost during the expansive evolutionof theG-protein signalingnetwork in
highermetazoans. Notably, GPCR-PIPKs are absent in plants, including lower plants such
as red algae and glaucophytes. However, GPCRs are rare in plants and plant G-proteins
are self-activating andmight act independently of GPCRs (Urano et al. 2013). Only one
putative GPCR has been described in Arabidopsis thaliana (Pandey&Assmann 2004), but
its precise role remains to be determined. It is possible that the ancestral GPCR-PIPKwas
lost together with other GPCRs during the early evolution of plants.
Our searches covered awide variety of species, including archaea, bacteria and organisms
fromall eukaryotic supergroups. With the vast number of high-quality genome sequences
of highermetazoans and plants available nowadays, it is unlikely that we have failed to
detect GPCR-PIPKs in these highly developedmulticellular organisms, sowe are confident
in stating that these organisms do not have GPCR-PIPKs. In contrast, this is less certain for
other lineages, such as diatoms, brown algae, Rhizaria and Excavates, fromwhich only a
limited number of genomes have been sequenced. Consequently, it is not unlikely that
with the release of new or higher-quality genome sequences more species with GPCR-
PIPKs can and likely will be identified.
We have not observed a correlation between the presence of GPCR-PIPKs and the overall
number of GPCRs, heterotrimeric G-proteins, or GPCR-regulatory proteins. For example,
whereas some organisms identified to have GPCR-PIPKs have no or a very limited number
of Gα subunits,N. gruberi and B. natanshave over 30Gα subunits (deMendoza et al. 2014).
Similarly, 229 regulators of G-protein signaling (RGS) are present in theN. gruberi genome,
while a very limited number is present in other organismswith GPCR-PIPKs (deMendoza
et al. 2014).
The LRxGImotif is strictly limited to GPCR-PIPKs and is present in nearly all GPCR-PIPKs
included in this study. Thepresenceof suchaspecific anduniquemotif further strengthens
the hypothesis of a shared ancestry of GPCR-PIPKs. The LRxGImotif is located relatively
close to the GPCR region, leading to the inference that it is not likely to be an integral
part of the PIPK domain. Its amphilicity, predicted secondary structure, and proximity to
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the 7TM region are reminiscent of a structuralmotif that is often found inmammalian
rhodopsin-like GPCRs aswell as in angiotensin type 1 receptor (AT1R) (Hirst et al. 2015).
Thisamphipathic ‘helix8’ (H8) ispresent just following the lastTMdomainand liesparallel
to the cytoplasmicmembrane surface. H8 has been shown to be involved in G-protein
activation, conformational stabilizationof theGPCRandphospholipid interaction (Huynh
et al. 2009; Feierler et al. 2011; Hirst et al. 2015). For example, H8 of AT1R specifically
interacts with PI(4)P (Hirst et al. 2015). By disrupting the structural organization of the
membrane, this interactionmight trigger a conformational change of the GPCR (Hirst
et al. 2015). Hypothetically, the LRxGImotif could operate by a similarmechanism. By
forcing itself into the plasma membrane, potentially directed by PI(4)P, it could aid in
phosphorylation by bringing the PIPK domain into closer proximity to themembrane.
Alternatively, the LRxGImotif could serve as a linker to connect theGPCRandPIPKdomain
andmodulate conformational shift(s). This is not very likely however, as this would not
explain the particularly high sequence conservation in a relatively small region of the
sequence linking the GPCR and PIPK domain.
While GPCR-PIPKs are present throughout the eukaryotic kingdom, the distribution of
other GPCR-bigrams ismore limited. Apart from oomycetes, GPCR-TKLs are found only in
Amoebozoa andGPCR-INPPs only in the stramenopile algaNannochloropsis, while GPCR-
ACs, GPCR-PDEs, and AP-GPCR are restricted to oomycetes. The large number of genes
encoding GPCR-bigrams in oomycetes (around 44 in each species) strongly suggests that
these organisms evolved toward G-protein signaling pathways. The catalytic domains
found in GPCR-bigrams are also found in proteins with a canonical domain organization.
Forexample,P. infestanshas fourGPCR-ACs inaddition toeightACswithauniversaldomain
composition (data not shown).
The processes in which GPCR-bigrams are predicted to be involved are typically regulated
by G-proteins. For example, many ACs are activated by stimulatory Gα subunits (Gsα)
or Gβγ subunits and deactivated by inhibitory Gα subunits (Giα). Higher metazoans
havemultiple Gα, Gβ, and Gγ subunits. Combinations of different subunits give rise to
a large variety of heterotrimeric G-protein complexes, each with specific functions. In
contrast, oomycetes have only oneGα, Gβ, andGγ subunit and thus only oneuniformhet-
erotrimeric G-protein complex. Silencing of the Gα subunit gene or Gβ subunit gene in P.
infestans results in aberrant swimmingbehavior of zoospores or deficiencies in sporulation,
respectively, but does not affect viability (Latijnhouwers &Govers 2003; Latijnhouwers et
al. 2004). This shows that the heterotrimeric G-protein complex is not by definition the
preferred partner of GPCRs in all life stages of P. infestans.With respect to regulating AC
activity, GPCR-ACs and GPCR-PDEsmight provide a direct link between GPCR sensing and
the cAMP signal transduction pathway, thereby bypassing G-protein intermediates.
Similarly, the large group of GPCR-TKLs might harness oomycetes with an alternative
GPCR desensitization pathway. Desensitization of ligand-activated GPCRs is typically
initiated by recruitment ofβ-arrestins upon phosphorylation of residues within the intra-
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cellular loop and C-terminal tail of the GPCRs. The kinases involved are G-protein-coupled
receptor kinases (GRKs), cAMP-dependent protein kinase (PKA), or protein kinase C (PKC)
(Ferguson 2001). However, only one GRKwas detected in P. infestans and no PKCwas de-
tected (Judelson&Ah-Fong 2010). PKC is also absent fromother Chromalveolates, such as
Plasmodium, and from Arabidopsis (plants),Giardia (Excavates) andDictyostelium (unikonts)
(Goldberg et al. 2006; Manning et al. 2011). It is present in yeast and higher unikonts,
though, and it has hence been suggested that it arose late in evolution (Goldberg et al.
2006). Possibly GPCR-TKLs function as substitutes for PKC. Nearly half of the oomycete
GPCR-TKLs contain a C-terminal DEP domain, a domain also found in RGS proteins that
interact with internal loop regions and the intracellular C-terminal tails of GPCRs via the
DEP domain (Croft et al. 2013). In S. cerevisiae, for example, the DEP domain has been
shown to be involved in desensitization of GPCR signaling responses (Ballon et al. 2006).
The presence of a DEP domain in GPCR-TKLs further suggests a function in regulation of
G-protein signaling.
With respect to phospholipid signaling, the presence of GPCR-PIPKs and GPCR-INPPs is
indicative of alternative pathways in oomycetes. Among the typical activators of PIPKs are
RhoGTPases (Ren& Schwartz 1998), PKA (Park et al. 2001), and phosphatidic acid (Park
et al. 2001). In P. infestans, only two proteins have similarity to Rho GTPases. Whether
GPCR-PIPKs andGPCR-INPPs indeed bypass G-protein or other signaling intermediates
by directly activating the catalytic domain upon ligand binding remains to be tested
experimentally.
Thus far, experimental data onGPCR-bigrams are very limited and hence their function
andcatalytic activity remainelusive. Functionshavebeenelucidated for someGPCR-PIPKs,
though. Expression profiling showed that all 12 GPCR-PIPKs present in P. infestans and P.
sojae are differentially expressed during development (Hua et al. 2013) and functional
gene analyses based on gene silencing of three GPCR-PIPKs revealed roles in sexual repro-
duction and virulence (Hua et al. 2013; Yang et al. 2013). InD. discoideum, RpkA knockout
mutants showed defects in bacterial defense and had reduced levels of phosphoinositides
(Riyahi et al. 2011). However, nothing is knownwith respect to their catalytic activity and
the same holds for the other GPCR-bigrams. For example, we cannot exclude that one or
several of the predicted AC or PDE domainsmight actually function as a guanylyl cyclase
or cGMPphosphodiesterase, respectively. Similarly, even though the kinase domains of
GPCR-TKLs have sequence similarity to tyrosine kinases, theymightwell act biochemically
as serine/threonine kinases (Goldberg et al. 2006; Judelson&Ah-Fong 2010). Elucidating
the function and catalytic activity of these peculiar GPCR-bigrams and their roles in sens-
ing and signalingmight be instrumental for identifying novel classes of drug targets to
combat pathogenicmicroorganisms.
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2.6 Conclusion
The presence of six distinct types of GPCR-bigrams in oomycetes strongly suggests the
presence of alternative G-protein signaling pathways. While a wide distribution of GPCR-
PIPKs is observed throughout the eukaryotic kingdom, other GPCR-bigrams are more
restricted in their presence. On the basis of our findings, it ismost likely that GPCR-PIPKs
are evolutionarily ancient and were likely already present in LECA, a hypothesis that is
further strengthened by the ubiquitous presence of the unique, highly conserved LRxGI
motif adjacent to the GPCR domain. Whether and howGPCR-bigrams regulate catalytic
activity of the accesory domains remain to be elucidated experimentally. Taking the
data together, the discovery of GPCR-bigrams and of thewidespread presence of GPCR-
PIPKs reveals an additional layer of the already intricate G-protein signaling pathway in
eukaryotes and points to novel signaling pathways inmicroorganisms.
2.7 Materials andMethods
Search strategy for identification of GPCR-PIPKs
To identify GPCR-PIPKs, we applied an iterative search strategy, depicted in Table S2.1a.
Protein sequences of previously annotated GPCR-PIPKs (Meijer & Govers 2006; Riyahi
et al. 2011; Leondaritis et al. 2013; Sharma et al. 2015) were used as queries for BLAST
searches (E value cutoff score of 1 e-1) against theNCBI, UniProt, FungiDB (Stajich et al.
2012), and EuPathDB database (Aurrecoechea et al. 2017) (last accessed 5 May 2017).
These databases cover proteomes of a wide range of species, including archaea, bacteria,
and organisms from all eukaryotic supergroups. In parallel, HMM searches (Finn et al.
2015) (default settings) were performed on theHMMERwebserver, using individual pro-
tein sequences (phmmer) ormultiple sequence alignments of full-length sequences, the
PIPK domain, and the LRxGImotif of GPCR-PIPKs as a query (hmmsearch, jackhmmer).
Thesemethods were supplemented by text-based searches in the Uniprot database using
keywords and protein domain identifiers. All potential candidates were analyzed for pro-
tein domain composition using SMART database (Schultz et al. 1998), and Pfam, Prints,
and TIGRFAMs under InterProScan (Jones et al. 2014). TMdomains were predicted using
Phobius (Kall et al. 2004), TMHMM (Krogh et al. 2001), HMMTOP (Tusnady & Simon
2001), GPCRHMM (Wistrand et al. 2006), and SOSUI (Hirokawa et al. 1998). Proteins con-
taining domains other than PIPK at the C-terminus and thosewithout TMdomains were
discarded. Newly identified GPCR-PIPKswere then used in queries for iterative searches
using themethods described above. All identified GPCR-PIPK sequences are available
online under http://mbio.asm.org/content/9/1/e02119-17.
The degree of conservation of GPCR-PIPKs was calculated in Jalview using the AMAS
method (Livingstone&Barton 1993), andpresentedas a slidingmovingaverage calculated
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over 50 positions. The WebLogo for the LRxGI motif was plotted using the ggseqlogo
package (Wagih 2017) in R v3.3.2.
Retrieval of PIPKgenes
All genomes inwhich GPCR-PIPK geneswere identified (Table S2.1), were screened for
type I, II, and IIIPIPKgenesbyBLAST,HMMsearches, andtext-basedsearches. All resulting
hits were validated by analyzing the predicted protein domain composition using SMART
(Schultz et al. 1998), and Pfam, Prints, and TIGRFAMs under InterProScan (Jones et al.
2014). All identified PIPK genes are listed in Tables S2.4 and S2.5 (available online).
Phylogenetic reconstruction of PIPKs
PIPKdomain regionswereextracted fromtype I, II, III, and IV (GPCR-PIPKs)PIPKs, using the
positions of SMART and InterProScan protein domain predictions as a guide (see positions
of PIPKdomain regions listed inTables S2.2, S2.3, S2.4, S2.5). Extracted protein domains
werealignedusingMAFFTv7 (algorithm: G-INS-i) (Katoh&Standley2013)underGeneious
version r9.1.4 (Kearse et al. 2012). After alignment positions that containmore than 25%
gaps were trimmed, a phylogenetic tree was reconstructed using theWAG amino acid
substitutionmodel with gammamodel of rate heterogeneity, and bootstrapping (500
replicates) was performedwith rapid bootstrap analyses on RAxML v8.2.4 (Stamatakis
2014). The phylogeny was annotated as a phylogram using the Interactive Tree of Life
(iTOL) website (Letunic & Bork 2016).
P. infestansGPCR inventory
Formaking an inventory of P. infestans proteins with a GPCR signature the proteomewas
screened for proteinswith 5 to 9 TM regions usingmethods described above. Next, the pro-
tein domain compositionwas predicted usingmethods desribed above. Proteinmodels
with sequence similarity to non-GPCRmembrane proteins, such as ion channels, trans-
porters, or non-GPCR receptor proteins. All identified GPCRs and GPCR-bigrams are listed
in Table S2.6.
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2.9 Supplementary files
Data availability
All supplementary files and data are available online on http://mbio.asm.org/content/
9/1/e02119-17
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Figure S2.1 | a) Search strategy used to identify GPCR-PIPKs. The total numbers of identified GPCR-PIPKs are high-
lighted in bold. b) Search strategy used to inventory GPCRs andGPCR-bigrams in P. infestans. The numbers in bold
represent the number of proteinmodels present after each successive step.
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Figure S2.2 |Phylogenetic tree of type I, II, III, and IV PIPKs. The outer circle shows the classification of PIPKs based
on domain composition, with orange representing type I, II, and III PIPKs and lime type IV PIPKs (i.e., GPCR-PIPKs).
Split-color bars indicate truncated genemodels. The color coding of the species names corresponds to the coding of
the supergroup colors described for Figure 2.1. The numbers at the nodes represent bootstrap support percentages
fromRAxML (500 replicates). Bootstrap values of <50 are omitted.
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Figure S2.3 | Simplified phylogeny of oomycetes and related organisms based on the supertree as presented by
McCarthy et al. (2017)
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Supplementary tables
Table S2.1 |Overview of the number of GPCR-bigrams in all species included in this study and references to genome
papers.
Supergroup Taxon Species GPCR-PIPKs GPCR-INPPs GPCR-ACs GPCR-PDEs GPCR-TKLs GPCR-APs Genomepaper
Naegleria fowleri 1 (Zysset-Burri et al. 2014)Excavates Heterolobosea Naegleria gruberi 1 (Fritz-Laylin et al. 2010)
Oxytricha trifellax 2 (Swart et al. 2013)
Paramecium tetraurelia 15 (Aury et al. 2006)
Tetrahymena thermophila 6 (Eisen et al. 2006)
Tetrahymena borealis 1 1
Stylonychia lemnae 6 (Aeschlimann et al. 2014)
Ciliates
Pseudocohnilembus persalinus 2 (Xiong et al. 2015)
Nannochloropsis gaditana 7 (Radakovits et al. 2012)Pelagophyceae Aureococcus anophagefferens 1 (Gobler et al. 2011)
Albugo candida 11 1 2 6 1 (Links et al. 2011)
Albugo laibachii 11 1 4 1 8 1 (Kemen et al. 2011)
Aphanomyces astaci 12 4 3 13 1 1
Aphanomyces invadans 11 4 3 2 13 1 1
Hyaloperonospora arabidopsidis 11 1 3 4 1 (Baxter et al. 2010)
Phytophthora capsici 11 2 3 6 1 (Lamour et al. 2012)
Phytophthora cinnamomi 12 4 7 16 1 (Studholme et al. 2016)
Phytophthora infestans 12 7 4 3 17 1 (Haas et al. 2009)
Phytophthora parasitica 12 4 6 2 18 1 1
Phytophthora ramorum 11 3 7 13 1 (Tyler et al. 2006)
Phytophthora sojae 12 5 7 2 14 1 (Tyler et al. 2006)
Plasmopara halstedii 11 6 5 12 1 (Sharma et al. 2015)
Pythiumaphanidermatum 9 4 4 2 9 1 (Adhikari et al. 2013)
Pythiumarrhenomanes 9 4 8 2 11 1 (Adhikari et al. 2013)
Pythium irregulare 11 3 6 2 202 1 (Adhikari et al. 2013)
Pythium iwayamai 10 6 2 2 172 1 (Adhikari et al. 2013)
Pythiumultimum 12 3 8 2 13 1 (Adhikari et al. 2013)
Pythium vexans 9 4 6 2 13 1 (Adhikari et al. 2013)
Saprolegnia diclina 12 6 3 3 16 1 1
Oomycetes
Saprolegnia parasitica 14 9 1 3 17 1 (Jiang et al. 2013)
Chrysochromulina tobin 4 (Hovde et al. 2015)
Chromalveolates
Haptophytes Emiliania huxleyi 3 (Read et al. 2013)
Apusozoa Thecamonas trahens 2 1
Metazoa Amphimedon queenslandica 1 (Srivastava et al. 2010)
Capsaspora owczarzaki 1 (Suga et al. 2013)
Salpingoeca rosetta 1 (Fairclough et al. 2013)Choanoflagellates
Monosiga brevicollis 1 (King et al. 2008)
Acytostelium subglobosum 2 (Urushiharaet al. 2015)
Dictyosteliumdiscoideum 1 2 (Eichinger et al. 2005)
Dictyostelium fasciculatum 1 1 (Heidel et al. 2011)
Dictyosteliumpurpureum 1 1 (Sucgang et al. 2011)
Dictyostelids
Polysphondyliumpallidum 1 1 (Heidel et al. 2011)
Unikonts
Lobosea Acanthamoeba castellanii 2 2 (Clarke et al. 2013)
Foraminifera Reticulomyxa filosa jan-43 (Glockner et al. 2014)Rhizaria Cercomonads Bigelowiella natans 2 (Curtis et al. 2012)
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Table S2.2 |Details of GPCR-PIPKs in oomycetes
Gene ID Proposedname Organism Length (aa) In tree (min) In tree (max)
A0A024G3J2_9STRA GPCR-PIPKD1A Albugo candida 995 504 901
A0A024GGP6_9STRA GPCR-PIPKD1B Albugo candida 1027 524 916
A0A024G0E9_9STRA GPCR-PIPKD2A Albugo candida 852 500 836
A0A024GCM0_9STRA GPCR-PIPKD2B Albugo candida 820 471 811
A0A024GRJ8_9STRA GPCR-PIPKD3 Albugo candida 893 378 887
A0A024G5F2_9STRA GPCR-PIPKD5A Albugo candida 864 490 811
A0A024GJE1_9STRA GPCR-PIPKD5B Albugo candida 994 640 959
A0A024GDI6_9STRA GPCR-PIPKD6 Albugo candida 891 499 851
A0A024GMX6_9STRA GPCR-PIPKD8 Albugo candida 928 384 733
A0A024G7D4_9STRA GPCR-PIPKD10 Albugo candida 1646 377 778
A0A024GM15_9STRA GPCR-PIPKD11 Albugo candida 1081 675 1007
ALNC14_111090 GPCR-PIPKD1 Albugo laibachii 1016 516 905
ALNC14_014740 GPCR-PIPKD2A Albugo laibachii 916 581 910
ALNC14_017200 GPCR-PIPKD2B Albugo laibachii 1384 1032 1368
ALNC14_009000 GPCR-PIPKD3 Albugo laibachii 835 375 829
ALNC14_012300 GPCR-PIPKD5A Albugo laibachii 822 511 808
ALNC14_107060 GPCR-PIPKD5B Albugo laibachii 902 548 867
ALNC14_011550 GPCR-PIPKD6 Albugo laibachii 916 524 876
ALNC14_069200 GPCR-PIPKD8 Albugo laibachii 790 380 716
ALNC14_043070 GPCR-PIPKD10 Albugo laibachii 929 572 925
ALNC14_046580 GPCR-PIPKD11 Albugo laibachii 738 334 666
ALNC14_105550 GPCR-PIPKD12 Albugo laibachii 709 382 696
H257_10334 GPCR-PIPKD1 Aphanomyces astaci 864 478 814
H257_05925.2 GPCR-PIPKD2 Aphanomyces astaci 924 459 843
H257_15597.2 GPCR-PIPKD3 Aphanomyces astaci 855 376 830
H257_16299.1 GPCR-PIPKD4 Aphanomyces astaci 868 368 792
H257_09611.2 GPCR-PIPKD5 Aphanomyces astaci 888 507 825
H257_05699.2 GPCR-PIPKD6 Aphanomyces astaci 927 529 879
H257_10507.2 GPCR-PIPKD7 Aphanomyces astaci 851 476 799
H257_15959.2 GPCR-PIPKD8 Aphanomyces astaci 838 343 724
H257_14336.4 GPCR-PIPKD10 Aphanomyces astaci 793 438 789
H257_00870 GPCR-PIPKD11A Aphanomyces astaci 741 382 681
H257_00873.3 GPCR-PIPKD11B Aphanomyces astaci 731 360 676
H257_00006.1 GPCR-PIPKD12 Aphanomyces astaci 697 377 681
H310_02759 GPCR-PIPKD1 Aphanomyces invadans 873 489 823
H310_07037 GPCR-PIPKD3 Aphanomyces invadans 826 361 808
H310_14231 GPCR-PIPKD4 Aphanomyces invadans 864 371 795
H310_11147 GPCR-PIPKD5 Aphanomyces invadans 869 487 807
H310_11127.4 GPCR-PIPKD6 Aphanomyces invadans 958 554 903
H310_07836.2 GPCR-PIPKD7 Aphanomyces invadans 867 496 814
H310_04755 GPCR-PIPKD8 Aphanomyces invadans 908 352 759
H310_11901.2 GPCR-PIPKD10 Aphanomyces invadans 849 445 844
H310_00967 GPCR-PIPKD11A Aphanomyces invadans 735 369 685
H310_00968 GPCR-PIPKD11B Aphanomyces invadans 736 378 676
H310_14760 GPCR-PIPKD12 Aphanomyces invadans 712 385 696
HpaG800146 GPCR-PIPKD1 Hyaloperonospora arabidopsidis 951 429 873
HpaG811351 GPCR-PIPKD3 Hyaloperonospora arabidopsidis 760 335 758
HpaG802846 GPCR-PIPKD4 Hyaloperonospora arabidopsidis 805 404 768
HpaG801064 GPCR-PIPKD5 Hyaloperonospora arabidopsidis 1029 479 799
HpaG802364 GPCR-PIPKD7 Hyaloperonospora arabidopsidis 1081 554 992
HpaG802934 GPCR-PIPKD8 Hyaloperonospora arabidopsidis 1013 386 791
HpaG802456 GPCR-PIPKD9 Hyaloperonospora arabidopsidis 1240 789 1213
HpaG804586 GPCR-PIPKD10 Hyaloperonospora arabidopsidis 928 513 907
HpaG809355 GPCR-PIPKD11 Hyaloperonospora arabidopsidis 816 407 721
HpaG804315 GPCR-PIPKD12 Hyaloperonospora arabidopsidis 741 382 721
HpaG814345 Not classified Hyaloperonospora arabidopsidis 1411 547 1154
PHYCA_506791 GPCR-PIPKD1 Phytophthora capsici 1024 505 947
PHYCA_551190 GPCR-PIPKD2 Phytophthora capsici 938 552 915
PHYCA_527176 GPCR-PIPKD3 Phytophthora capsici 745 335 741
PHYCA_506037 GPCR-PIPKD4 Phytophthora capsici 806 404 768
PHYCA_541689 GPCR-PIPKD6 Phytophthora capsici 935 480 857
PHYCA_536734 GPCR-PIPKD7 Phytophthora capsici 1012 564 921
PHYCA_38287 GPCR-PIPKD8 Phytophthora capsici 1012 386 799
PHYCA_507566 GPCR-PIPKD9 Phytophthora capsici 947 496 919
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Table S2.2 |Details of GPCR-PIPKs in oomycetes
Gene ID Proposedname Organism Length (aa) In tree (min) In tree (max)
PHYCA_549299 GPCR-PIPKD10 Phytophthora capsici 699 294 686
PHYCA_575370 GPCR-PIPKD11 Phytophthora capsici 794 395 707
PHYCA_573663 GPCR-PIPKD12 Phytophthora capsici 737 381 720
PHYCI_105008 GPCR-PIPKD1 Phytophthora cinnamomi 1193 673 1116
PHYCI_376712 GPCR-PIPKD2 Phytophthora cinnamomi 939 551 916
PHYCI_269807 GPCR-PIPKD3 Phytophthora cinnamomi 758 332 754
PHYCI_91218 GPCR-PIPKD4 Phytophthora cinnamomi 805 404 768
PHYCI_277748 GPCR-PIPKD5 Phytophthora cinnamomi 920 552 871
PHYCI_285878 GPCR-PIPKD6 Phytophthora cinnamomi 874 408 791
PHYCI_97820 GPCR-PIPKD7 Phytophthora cinnamomi 1198 676 1104
PHYCI_481282 GPCR-PIPKD8 Phytophthora cinnamomi 1028 390 800
PHYCI_212799 GPCR-PIPKD9 Phytophthora cinnamomi 1244 794 1217
PHYCI_291554 GPCR-PIPKD10 Phytophthora cinnamomi 944 527 924
PHYCI_105811 GPCR-PIPKD11 Phytophthora cinnamomi 797 397 709
PHYCI_260267 GPCR-PIPKD12 Phytophthora cinnamomi 735 380 719
PITG_05282 GPCR-PIPKD1 Phytophthora infestans 1016 495 939
PITG_10980 GPCR-PIPKD2 Phytophthora infestans 934 553 909
PITG_05618 GPCR-PIPKD3 Phytophthora infestans 757 332 753
PITG_05519 GPCR-PIPKD4 Phytophthora infestans 807 405 769
PITG_00460 GPCR-PIPKD5 Phytophthora infestans 927 553 872
PITG_13511 GPCR-PIPKD6 Phytophthora infestans 950 492 869
PITG_13677 GPCR-PIPKD7 Phytophthora infestans 1241 722 1150
PITG_15475 GPCR-PIPKD8 Phytophthora infestans 1014 389 796
PITG_00896 GPCR-PIPKD9 Phytophthora infestans 1231 792 1204
PITG_02574 GPCR-PIPKD10 Phytophthora infestans 927 510 907
PITG_23066 GPCR-PIPKD11 Phytophthora infestans 796 400 712
PITG_20028 GPCR-PIPKD12 Phytophthora infestans 730 377 714
PPTG_18528 GPCR-PIPKD1 Phytophthora parasitica 1014 493 937
PPTG_02395 GPCR-PIPKD2 Phytophthora parasitica 934 553 909
PPTG_02787 GPCR-PIPKD3 Phytophthora parasitica 757 332 753
PPTG_02674 GPCR-PIPKD4 Phytophthora parasitica 853 451 815
PPTG_08317 GPCR-PIPKD5 Phytophthora parasitica 918 550 869
PPTG_10638 GPCR-PIPKD6 Phytophthora parasitica 938 486 857
PPTG_13077 GPCR-PIPKD7 Phytophthora parasitica 1238 723 1147
PPTG_11435 GPCR-PIPKD8 Phytophthora parasitica 1018 389 797
PPTG_17476 GPCR-PIPKD9 Phytophthora parasitica 1231 795 1204
PPTG_05314 GPCR-PIPKD10 Phytophthora parasitica 916 499 896
PPTG_09659 GPCR-PIPKD11 Phytophthora parasitica 795 399 711
PPTG_03738 GPCR-PIPKD12 Phytophthora parasitica 733 381 717
PSURA_80758 GPCR-PIPKD1 Phytophthora ramorum 1017 495 940
PSURA_74484 GPCR-PIPKD2 Phytophthora ramorum 1830 533 898
PSURA_73106 GPCR-PIPKD3 Phytophthora ramorum 557 324 554
PSURA_73182 GPCR-PIPKD4 Phytophthora ramorum 806 405 768
PSURA_72755 GPCR-PIPKD5 Phytophthora ramorum 1106 540 859
PSURA_96779 GPCR-PIPKD6 Phytophthora ramorum 976 352 693
PSURA_85104 GPCR-PIPKD7 Phytophthora ramorum 1234 731 1141
PSURA_77729 GPCR-PIPKD9 Phytophthora ramorum 1048 599 1020
PSURA_77535 GPCR-PIPKD10 Phytophthora ramorum 958 550 947
PSURA_72973 GPCR-PIPKD11 Phytophthora ramorum 800 402 712
PSURA_96917 GPCR-PIPKD12 Phytophthora ramorum 1282 927 1266
PHYSO_309429 GPCR-PIPKD1 Phytophthora sojae 1176 656 1099
PHYSO_543291 GPCR-PIPKD2 Phytophthora sojae 949 559 924
PHYSO_286433 GPCR-PIPKD3 Phytophthora sojae 757 332 753
PHYSO_286453 GPCR-PIPKD4 Phytophthora sojae 806 405 769
PHYSO_335695 GPCR-PIPKD5 Phytophthora sojae 921 553 872
PHYSO_533948 GPCR-PIPKD6 Phytophthora sojae 957 494 872
PHYSO_254487 GPCR-PIPKD7 Phytophthora sojae 1225 699 1131
PHYSO_297261 GPCR-PIPKD8 Phytophthora sojae 1030 392 802
PHYSO_322334 GPCR-PIPKD9 Phytophthora sojae 1245 795 1216
PHYSO_286311 GPCR-PIPKD10 Phytophthora sojae 944 529 927
PHYSO_287073 GPCR-PIPKD11 Phytophthora sojae 801 403 715
PHYSO_357778 GPCR-PIPKD12 Phytophthora sojae 737 382 721
PHALS_07480 GPCR-PIPKD1 Plasmopara halstedii 1011 493 934
PHALS_13711 GPCR-PIPKD2 Plasmopara halstedii 913 532 893
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Table S2.2 |Details of GPCR-PIPKs in oomycetes
Gene ID Proposedname Organism Length (aa) In tree (min) In tree (max)
PHALS_13328 GPCR-PIPKD3 Plasmopara halstedii 754 328 750
PHALS_10831 GPCR-PIPKD4 Plasmopara halstedii 797 395 759
PHALS_09337 GPCR-PIPKD5 Plasmopara halstedii 918 550 869
PHALS_12432 GPCR-PIPKD6 Plasmopara halstedii 929 482 855
PHALS_13026 GPCR-PIPKD7 Plasmopara halstedii 1239 724 1150
PHALS_01211 GPCR-PIPKD8 Plasmopara halstedii 996 390 794
PHALS_13990 GPCR-PIPKD10 Plasmopara halstedii 929 514 912
PHALS_04624 GPCR-PIPKD11 Plasmopara halstedii 799 401 704
PHALS_01082 GPCR-PIPKD12 Plasmopara halstedii 736 381 719
PAG1_G005942 GPCR-PIPKD1 Pythiumaphanidermatum 975 480 898
PAG1_G006345 GPCR-PIPKD2 Pythiumaphanidermatum 949 555 925
PAG1_G000538 GPCR-PIPKD3 Pythiumaphanidermatum 792 345 788
PAG1_G006762 GPCR-PIPKD4 Pythiumaphanidermatum 857 473 836
PAG1_G004464 GPCR-PIPKD5 Pythiumaphanidermatum 938 555 883
PAG1_G005579 GPCR-PIPKD7 Pythiumaphanidermatum 1188 607 1046
PAG1_G011183 GPCR-PIPKD8 Pythiumaphanidermatum 963 383 740
PAG1_G011538 GPCR-PIPKD9 Pythiumaphanidermatum 1080 776 1065
PAG1_G001667 GPCR-PIPKD10 Pythiumaphanidermatum 1011 540 967
PAR_G008323 GPCR-PIPKD1 Pythiumarrhenomanes 973 470 892
PAR_G005321 GPCR-PIPKD3 Pythiumarrhenomanes 793 344 789
PAR_G001927 GPCR-PIPKD4 Pythiumarrhenomanes 782 393 763
PAR_G001971 GPCR-PIPKD5 Pythiumarrhenomanes 1008 554 882
PAR_G007543 GPCR-PIPKD6 Pythiumarrhenomanes 955 555 910
PAR_G005872 GPCR-PIPKD7 Pythiumarrhenomanes 1161 620 1081
PAR_G004575 GPCR-PIPKD8 Pythiumarrhenomanes 999 387 748
PAR_G006704 GPCR-PIPKD9 Pythiumarrhenomanes 920 562 886
PAR_G006155 GPCR-PIPKD11 Pythiumarrhenomanes 764 357 670
PIR_G007963 GPCR-PIPKD1 Pythium irregulare 1027 514 948
PIR_G005128 GPCR-PIPKD2 Pythium irregulare 1003 617 987
PIR_G000755 GPCR-PIPKD3 Pythium irregulare 733 328 729
PIR_G001329 GPCR-PIPKD4 Pythium irregulare 807 409 789
PIR_G004315 GPCR-PIPKD5 Pythium irregulare 922 552 876
PIR_G010484 GPCR-PIPKD6 Pythium irregulare 1035 596 962
PIR_G005617 GPCR-PIPKD7 Pythium irregulare 1217 663 1083
PIR_G005327 GPCR-PIPKD8 Pythium irregulare 946 393 743
PIR_G003551 GPCR-PIPKD10 Pythium irregulare 2320 551 960
PIR_G000134 GPCR-PIPKD11 Pythium irregulare 751 343 653
PIR_G008692 GPCR-PIPKD12 Pythium irregulare 759 378 735
PIW_G002225 GPCR-PIPKD1 Pythium iwayamai 925 417 846
PIW_G001556 GPCR-PIPKD2 Pythium iwayamai 971 585 955
PIW_G000082 GPCR-PIPKD3 Pythium iwayamai 749 311 745
PIW_G005427 GPCR-PIPKD4 Pythium iwayamai 796 399 778
PIW_G009501 GPCR-PIPKD5 Pythium iwayamai 747 377 701
PIW_G007059 GPCR-PIPKD7 Pythium iwayamai 1042 486 913
PIW_G007346 GPCR-PIPKD9 Pythium iwayamai 1238 802 1184
PIW_G007017 GPCR-PIPKD10 Pythium iwayamai 939 533 925
PIW_G001360 GPCR-PIPKD11 Pythium iwayamai 772 346 674
PIW_G008266 GPCR-PIPKD12 Pythium iwayamai 767 388 743
PYU1_G013260 GPCR-PIPKD1 Pythiumultimum 986 472 905
PYU1_G005521 GPCR-PIPKD2 Pythiumultimum 987 603 973
PYU1_G005339 GPCR-PIPKD3 Pythiumultimum 768 335 764
PYU1_G005232 GPCR-PIPKD4 Pythiumultimum 783 402 765
PYU1_G004188 GPCR-PIPKD5 Pythiumultimum 920 548 872
PYU1_G008271 GPCR-PIPKD6 Pythiumultimum 871 436 800
PYU1_G008111 GPCR-PIPKD7 Pythiumultimum 1176 643 1055
PYU1_G007339 GPCR-PIPKD8 Pythiumultimum 967 365 733
PYU1_G002023 GPCR-PIPKD9 Pythiumultimum 1140 713 1094
PYU1_G008545 GPCR-PIPKD10 Pythiumultimum 948 532 930
PYU1_G009408 GPCR-PIPKD11 Pythiumultimum 771 365 679
PYU1_G001177 GPCR-PIPKD12 Pythiumultimum 739 369 710
PVE_G002231 GPCR-PIPKD1 Pythium vexans 1001 494 924
PVE_G002810 GPCR-PIPKD2 Pythium vexans 921 556 897
PVE_G002030 GPCR-PIPKD3 Pythium vexans 766 333 757
PVE_G002533 GPCR-PIPKD4 Pythium vexans 795 406 778
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Table S2.2 |Details of GPCR-PIPKs in oomycetes
Gene ID Proposedname Organism Length (aa) In tree (min) In tree (max)
PVE_G000411 GPCR-PIPKD5 Pythium vexans 836 453 791
PVE_G009494 GPCR-PIPKD7 Pythium vexans 1119 610 1024
PVE_G006124 GPCR-PIPKD8 Pythium vexans 821 395 757
PVE_G002942 GPCR-PIPKD10 Pythium vexans 4172 1579 2036
PVE_G001250 GPCR-PIPKD11 Pythium vexans 1140 378 662
SDRG_03333 GPCR-PIPKD1 Saprolegnia diclina 915 493 855
SDRG_00721 GPCR-PIPKD2 Saprolegnia diclina 855 466 834
SDRG_00401 GPCR-PIPKD3 Saprolegnia diclina 772 348 771
SDRG_03698.1 GPCR-PIPKD4 Saprolegnia diclina 857 354 768
SDRG_11885 GPCR-PIPKD5 Saprolegnia diclina 902 517 838
SDRG_05710.2 GPCR-PIPKD6 Saprolegnia diclina 844 427 775
SDRG_07592 GPCR-PIPKD7 Saprolegnia diclina 883 490 827
SDRG_14228 GPCR-PIPKD8 Saprolegnia diclina 746 339 667
SDRG_12324 GPCR-PIPKD10 Saprolegnia diclina 861 474 855
SDRG_00836.1 GPCR-PIPKD11A Saprolegnia diclina 697 331 646
SDRG_00837.1 GPCR-PIPKD11B Saprolegnia diclina 785 410 712
SDRG_05817 GPCR-PIPKD12 Saprolegnia diclina 698 382 684
SPRG_00503 GPCR-PIPKD1 Saprolegnia parasitica 914 492 854
SPRG_22110 GPCR-PIPKD2 Saprolegnia parasitica 753 362 730
SPRG_13728 GPCR-PIPKD3 Saprolegnia parasitica 765 341 764
SPRG_19929 GPCR-PIPKD4 Saprolegnia parasitica 858 357 771
SPRG_09727 GPCR-PIPKD5A Saprolegnia parasitica 894 509 830
SPRG_14656 GPCR-PIPKD5B Saprolegnia parasitica 630 261 566
SPRG_02629 GPCR-PIPKD6A Saprolegnia parasitica 834 435 767
SPRG_17099 GPCR-PIPKD6B Saprolegnia parasitica 724 309 657
SPRG_04701 GPCR-PIPKD7 Saprolegnia parasitica 714 491 686
SPRG_14055 GPCR-PIPKD8 Saprolegnia parasitica 745 339 666
SPRG_10998 GPCR-PIPKD10 Saprolegnia parasitica 842 475 836
SPRG_03031 GPCR-PIPKD11A Saprolegnia parasitica 680 332 629
SPRG_03032 GPCR-PIPKD11B Saprolegnia parasitica 672 348 650
SPRG_10518 GPCR-PIPKD12 Saprolegnia parasitica 696 380 682
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Table S2.3 |Details GPCR-PIPKs in organisms other than oomycetes
Gene ID Organism Notes Length (aa) For tree (min) For tree (max)
ACA1_120810 Acanthamoeba castellanii LRxGImotif absent 855 347 851
ACA1_215300 Acanthamoeba castellanii 863 350 859
XM_012893031.1 Acytostelium subglobosum 630 332 602
XM_012903423 Acytostelium subglobosum 696 369 695
I1FNC1_AMPQE Amphimedon queenslandica 824 419 823
F0YEY0_AURAN Aureococcus anophagefferens 995 512 986
JGI_V11_86869 Bigelowiella natans 570 266 549
JGI_V11_128099 Bigelowiella natans 869 426 847
A0A0D2WMD5_CAPO3 Capsaspora owczarzaki 832 467 831
A0A0M0JVY0_9EUKA Chrysochromulina tobin 889 533 860
A0A0M0JZS1_9EUKA Chrysochromulina tobin 653 309 634
A0A0M0K846_9EUKA Chrysochromulina tobin 1024 669 1022
A0A0M0LC85_9EUKA Chrysochromulina tobin 861 501 786
DDB_G0283615 Dictyosteliumdiscoideum 828 442 802
EGG23334.1 Dictyostelium fasciculatum LRxGImotif present, but gap in genemodel 544 223 543
EGC30811.1 Dictyosteliumpurpureum 817 511 816
R1B3W9_EMIHU Emiliania huxleyi Truncated genemodel 428 92 314
R1C8C1_EMIHU Emiliania huxleyi 839 406 723
R1CZI6_EMIHU Emiliania huxleyi 673 325 638
A9UUR7_MONBE Monosiga brevicollis 724 378 698
NF0081820 Naegleria fowleri 1203 740 1107
D2VZQ3_NAEGR Naegleria gruberi 1044 607 967
J9F1E2_9SPIT Oxytricha trifallax 799 477 797
J9HVM1_9SPIT Oxytricha trifallax 632 293 615
A0BHU4_PARTE Paramecium tetraurelia 734 430 734
A0BQ85_PARTE Paramecium tetraurelia 728 423 728
A0C061_PARTE Paramecium tetraurelia 719 413 718
A0C747_PARTE Paramecium tetraurelia 647 364 646
A0CAY0_PARTE Paramecium tetraurelia 706 407 705
A0CB17_PARTE Paramecium tetraurelia LRxGImotif absent 1061 743 1061
A0CVD9_PARTE Paramecium tetraurelia 731 433 731
A0CVJ0_PARTE Paramecium tetraurelia 692 399 688
A0D8U5_PARTE Paramecium tetraurelia 723 425 723
A0D8Z3_PARTE Paramecium tetraurelia 692 410 688
A0D9N1_PARTE Paramecium tetraurelia LRxGImotif absent 725 426 724
A0DRY7_PARTE Paramecium tetraurelia LRxGImotif absent 717 431 716
A0DW93_PARTE Paramecium tetraurelia 711 411 711
A0E6X4_PARTE Paramecium tetraurelia 706 407 705
GSPATP00004271001 Paramecium tetraurelia 636 353 635
D3AWU0_POLPA Polysphondyliumpallidum 671 277 643
KRX00481.1 Pseudocohnilembus persalinus 699 389 698
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Table S2.3 |Details GPCR-PIPKs in organisms other than oomycetes
Gene ID Organism Notes Length (aa) For tree (min) For tree (max)
KRX00482.1 Pseudocohnilembus persalinus 707 391 706
X6L9J3_RETFI Reticulomyxa filosa LRxGImotif present, but no GPCR 311 110 310
X6MDI8_RETFI Reticulomyxa filosa Not included in tree; only GPCR and LRxGImotif 470 - -
F2U247_SALR5 Salpingoeca rosetta 1147 790 1146
A0A077ZQS6_STYLE Stylonychia lemnae 774 402 752
A0A077ZXB4_STYLE Stylonychia lemnae LRxGImotif absent 1009 468 1008
A0A078ARL7_STYLE Stylonychia lemnae 779 456 775
A0A078B2U3_STYLE Stylonychia lemnae LRxGImotif absent 874 287 804
A0A078BDF2_STYLE Stylonychia lemnae LRxGImotif absent 878 401 874
A0A078BDW7_STYLE Stylonychia lemnae LRxGImotif absent 849 265 803
EI9_01737 Tetrahymena borealis 795 456 791
I7M9D0_TETTS Tetrahymena thermophila 747 444 746
I7MIV9_TETTS Tetrahymena thermophila 408 67 404
Q23DH0_TETTS Tetrahymena thermophila 775 441 771
Q23WQ3_TETTS Tetrahymena thermophila 975 559 975
TTHERM_00530790 Tetrahymena thermophila LRxGImotif absent 1201 866 1200
W7X9T0_TETTS Tetrahymena thermophila 726 425 726
A0A0L0DB47_THETB Thecamonas trahens 826 479 825
A0A0L0DRJ2_THETB Thecamonas trahens 783 468 77947
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Chapter 3. The P. infestansG-proteinγ subunit
3.1 Abstract
TheoomycetePhytophthora infestans is a notorious plant pathogenwithpotato and tomato
as its primary hosts. Previous research showed that the heterotrimeric G-protein subunits
Gα andGβ have a role in zoosporemotility and virulence, and sporangial development,
respectively. Here, we present analyses of the gene encoding a Gγ subunit in P. infestans,
Pigpg1. The overall similarity of PiGPG1with non-oomycete Gγ subunits is low, with only
themost conserved amino acidsmaintained, but similarity with its homologs in other
oomycetes is high. Pigpg1 is expressed in all life stages and shows a similar expression pro-
file as the gene encoding the Gβ subunit,Pigpb1. To elucidate its function, transformants
were generated inwhich Pigpg1 is silenced or overexpressed and their phenotypeswere
analyzed. Pigpg1-silenced lines produce less sporangia, which aremalformed. Altogether,
the results show that PiGPG1 is crucial for proper sporangia development and zoosporo-
genesis. PiGPG1 is a functional Gγ, and likely forms a dimerwith PiGPB1 thatmediates
signaling.
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3.2 Introduction
G-protein signaling is an elementary signal transduction pathway that is essential for
viability of all eukaryotes. The central elements of this signaling pathway are constituted
bymembrane-bound G-protein-coupled receptors (GPCRs) and associated guanidine-
binding (G) proteins. G-proteins form a heterotrimeric complex, which consists of three
subunits,α (Gα),β (Gβ), andγ (Gγ). A GPCR senses extracellular signals and changes
conformation upon ligand binding, and this conformational change induces the disso-
ciation of the G-protein complex from the receptor. In turn, the activated Gα and Gβγ
subunits stimulate downstream effector proteins such as protein kinase C, adenylate
cyclase, or ion channels, to evoke a cellular response (Dupre et al. 2009). Alternatively,
GPCRs can propagate signals independently fromG-proteins, throughβ-arrestins (Smith
&Rajagopal 2016).
In higher eukaryotes such asmammalians, genes encoding proteins involved in G-protein
signaling are usually present in large numbers. For example, humans have more than
800GPCR genes, and 16 Gα, 5 Gβ, and 14 Gγ subunit genes (Fredriksson& Schioth 2005;
Hillenbrand et al. 2015). In lower eukaryotes, these numbers are reduced. For example,
the slime mold Dictyostelium discoideum has 55 GPCR genes, 12 Gα subunit genes, and
only 2 and 1 encoding the Gβ and Gγ subunit, respectively (Bakthavatsalam et al. 2009).
The yeast Saccharomyces cerevisiae has even less; three GPCR genes, and 2 Gα, 1 Gβ, and 1
Gγ subunit genes (Kraakman et al. 1999; Hoffman 2005; Overton et al. 2005). In fungi,
G-protein signaling is crucial for several basal processes such as growth, development,
and asexual and sexual reproduction (Versele et al. 2001; Xue et al. 2008). In addition, G-
protein signaling is involved in virulence of several filamentous pathogens (Li et al. 2007).
For example, in the rice blast fungusMagnaporthe oryzae subunits Gα, Gβ, and Gγ play
a role in the regulation of appressorium formation, and knockout lines show a reduced
level of pathogenicity or even a complete loss thereof (Liu&Dean 1997; Nishimura et al.
2003; Liang et al. 2006).
Our focus is on the filamentous plant pathogen Phytophthora infestans, the causal agent of
late blight and the culprit of the Irish potato famine in themid-19th century (Ribeiro 2013).
Phytophthora spp. are classified as oomycetes, a diverse group of eukaryotic organisms
comprising plant and animal pathogens as well as saprophytes (Erwin&Ribeiro 1996).
Oomycetes occupy similar environmental niches as fungi but are evolutionary unrelated
(Raffaele & Kamoun 2012). Since the first report on the importance of G-protein signaling
in a fungal pathogen (Choi et al. 1995), the role of this signaling pathway has been studied
inabroad rangeof fungal species (reviewed in (Li et al. 2007)). Inoomycetes, researchonG-
protein signaling is limited toonlya fewspeciesandall these studiespoint toaprimary role
in asexual development. Pigpa1, the P. infestans gene encoding aGα subunit, was found to
have a role in zoospore release and swimmingbehavior, and in chemotaxis (Latijnhouwers
et al. 2004). Moreover,Psgpa1was shown tobe involved in virulenceofP. infestansonpotato.
Similar results were observed for Psgpa1, the Pigpa1 homolog in the soybean pathogen
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Phytophthora sojae (Hua et al. 2008). Stimulation of Gα usingmastoparan, a peptide from
wasp venom,was found to induce encystment of zoospores of P. infestans andAphanomyces
cochlioides, an oomycete causing root rot on several crops (Latijnhouwers et al. 2002; Islam
et al. 2003). Transformants deficient in PiGPB1, a P. infestansGβ subunit, had defects in
sporangia production andmycelial growth, suggesting that the Gβ subunit is important
for vegetative growth and sporulation (Latijnhouwers &Govers 2003). Psgpr11, a putative
GPCR in P. sojae, was found to control zoospore development, and silenced transformants
showed a reduced virulence on soybean (Wang et al. 2010). Apart from canonical GPCRs,
oomyceteshave several novel typesofGPCRs inwhichaGPCRdomain is fused toa catalytic
domain (van den Hoogen et al. 2018). One type, named GPCR-PIPK, has a C-terminal
phospholipid kinase domain and is present as amultigene family in Phytophthorawith
typically 12members (Meijer&Govers 2006; van denHoogen et al. 2018). Overexpression
of PiGK4, one of 12 GPCR-PIPK genes in P. infestans, led tomalformed elongated sporangia
and defects in zoospore release (Hua et al. 2013). One GPCR-PIPK in P. sojae, i.e. PsGK4,
was found to be involved in chemotaxis, while silencing of PsGK5, anothermember of the
GPCR-PIPK gene family, resulted in defects in oospore formation (Yang et al. 2013).
In addition to these novel types of GPCRs P. infestans has a rather extensive set of putative
GPCRswith 88 genemodels predicted to encode a canonical GPCR (van denHoogen et al.
2018). In contrast, only a single Gα subunit and a single Gβ subunit are described (Laxalt
et al. 2002). Initially attempts to identify a Phytophthora gene encoding a Gγ subunit
failed evenwhenwhole genome sequences of Phytophthora spp. became available (Tyler
et al. 2006; Haas et al. 2009). Their small size, typically ranging in length from 70 to
110 amino acids, and high sequence divergencemakes identification of Gγ subunits in
unrelated taxa difficult. Using iterative hiddenMarkovmodel searches, Anantharaman
and colleagues ultimately identified a putative Gγ subunit gene in P. sojae and P. infestans
(Anantharaman et al. 2011).
In this study, we explored the role of the proposed P. infestansGγ subunit gene, Pigpg1. We
identifiedhomologs inotheroomycetesandshowthesignificantdistanceof theconserved
oomycete Gγ subunits to other eukaryotic Gγ subunits. To determine the function of
PiGPG1, we generated Pigpg1-overexpression and Pigpg1-silenced lines and analyzed their
phenotypes. The phenotypic defects in the Pigpg1-silenced transformants resemble those
observed in previously studied Pigpb1-silenced transformants (Latijnhouwers&Govers
2003), suggesting that Gβ andGγ behave similar as in other eukaryotes and function as a
Gβγ dimer. Altogether, this study provides evidence for the validity of the proposed Gγ
subunit genemodel and its importance for asexual reproduction in P. infestans.
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3.3 Results
P. infestanshas one putativeGγ gene
The genemodel proposed to encode a Gγ subunit is PITG_16898 (Anantharaman et al.
2011). The gene has one putative intron and is predicted to encode a protein of 71 amino
acids (Fig. 1A). The protein sequence has similarity to a G-protein gamma-like domain
(PF00631). Moreover, conservedmotifs such as the Gβ-interacting DPLL/Imotif (present
as DPFL) (Trusov et al. 2012), and the C-terminal CAAX box (CSIL) (Higgins & Casey 1996)
are present, pointing to a bona fide Gγ subunit (Figure 3.1a). Hence, the genewas named
Pigpg1. To investigate thevalidityof thegenemodel,weutilized in-houseRNAseqdataand
this confirmed the intronprediction. These resultswerevalidatedbycomparing the length
of the Pigpg1 PCR amplicons derived fromgenomic DNA and cDNA, and demonstrating
the presence of the 72 bp intron (Figure S3.1). No Pigpg1homologs were found by BLAST
analysis of the P. infestans T30-4 reference genome (Haas et al. 2009), pointing to a single
gene encoding a Gγ subunit.
OomyceteGγ subunits are strongly conserved
Weanalyzed 19oomycete genomes for thepresenceof homologs ofPigpg1. This confirmed
the presence of a single Gγ subunit gene in each of the assembled genomes, with the
exception ofHyaloperonospora arabidopsidis, which has two copies (Table S3.1). All putative
oomycete Gγ subunit genes have two exons, encoding a protein of 70 or 71 amino acids.
In all the oomycete Gγ genes, canonical GT/AG intron boundaries are present. The intron
length ranges from 41 to 92 bp and the intron sequences are not conserved (Figure S3.2).
To analyze the degree of conservation across oomycete Gγ subunits, we constructed a
multiple sequence alignment of protein sequences of oomycete Gγ subunits. The Gγ
subunits in the six Phytophthora species analyzed are nearly identical, with 60 out of 71
amino acids entirely conserved. The sequence identity among oomycete Gγ subunits
is over 75% and shows a strong conservation of several amino acids (Figure 3.1b). All
predicted oomycete Gγ subunits have the DPLL/I motif and CAAX box (Figure 3.1b), with
the exception of one of the two H. arabidopsis copies. This gene product is unlikely to
function as a Gγ and therefore the genemodel is not included in the alignment.
Quarternary structure of the predictedGβγ complex
To further validate the putative Gβγ complex of P. infestans, we examined the predicted
quaternary structure. To do so, we first predicted the 3D structure of both PiGPB1 and
PiGPG1usingSWISS-MODEL (Bordoli etal. 2009)andthenstructurallyalignedthemodels
(Figure 3.1c). The predicted quaternary structure resembles the stereotypical structure of
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Figure 3.1 | a) Graphical representation of Pigpg1 and the encoded protein PiGPG1. The gene (288 bp) has two exons
(black bars) interrupted by one intron (black line). The grey bars depict the 5’ and 3’ UTR. The conservedmotifs in
PiGPG1 are highlighted in orange and the locations of predicted alpha-helices are underlined in red. b)Multiple
sequence alignment of PiGPG1 homologs including 19 derived from oomycete species (black vertical bar), one from a
diatom (Thalassiosira pseudonana) and four fromunikonts (Dictyostelium discodeum, Caenorhabditis elegans,Homo sapiens,
Musmusculus). Conservedmotifs (DPLL, CAAX) are highlighted. Gene IDs of all included genemodels are listed in
Table S1. c) Predicted 3Dmodel of the tertiary structure of the Gβγ dimer with PiGPB1 depicted in blue and PiGPG1 in
red.
54
3.3. Results
Pigpa1 Pigpb1 Pigpg1
M
yc
el
iu
m
Sp
or
an
gi
a
Zo
os
po
re
s
G
er
m
in
at
in
g 
cy
st
s
M
yc
el
iu
m
Sp
or
an
gi
a
Zo
os
po
re
s
G
er
m
in
at
in
g 
cy
st
s
M
yc
el
iu
m
Sp
or
an
gi
a
Zo
os
po
re
s
G
er
m
in
at
in
g 
cy
st
s
1
10
100
R
el
at
iv
e 
ex
pr
es
si
on
 le
ve
l
Figure 3.2 | Expression of Pigpa1, Pigpb1, and Pigpg1 inmycelium, sporangia, zoospores, and germinating cysts. Expres-
sion is normalized to PiActA expression, and shown relative to expression inmycelium.
a Gβγ complex, where Gγwraps around Gβ, interacting with the twoα-helices at the
C-terminus of Gβ (Oldham&Hamm2006). This further underscores the validity of the
genemodel, and suggests that PiGPB1 and PiGPG1 can form aGβγ dimer.
Pigpg1 is higher expressed in spores than inmycelium
Next, we analyzed the expression of Pigpg1during vegetative growth and asexual develop-
ment. Analyses by qPCR showed that, relative tomycelium, expression ofPigpg1 is induced
in sporangia, zoospores, and germinating cysts (Figure 3.2). In this analysis, we alsomon-
itored the expression of Pigpa1 and Pigpb1 and this showed that Pigpa1 expression is low
inmycelium and upregulated in sporangia and zoospores whereas Pigpb1 is upregulated
in sporangia but not in zoospores (Figure 3.2). These results are in line with previous
expression analyses based onNorthern blot hybridizations (Laxalt et al. 2002). In that
analysis Pigpa1 transcripts were not detectable inmycelium and thismay explain why the
upregulation of Pigpa1 in sporangia and zoosporesmeasured by qPCR is so strongwhen
compared to the expression levels inmycelium.
Transcriptional silencing and overexpression ofPigpg1
To obtain P. infestans lines with a reduced or increased expression of Pigpg1we introduced
extra copies Pigpg1 in the genome of P. infestansby PEG-mediatedDNA transformation
of a construct carrying a geneticin resistance gene (nptII) for selection and the genomic
DNA sequence of Pigpg1 in sense orientation regulated by a strong promoter (Figure S3.3).
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Figure 3.3 |Relative expression levels of Pigpa1, Pigb1, and Pigpg1 inmyceliumof the recipient strain (T30-2), the empty
vector transformants (EV1 and EV2), the overexpression transformant (OX1) and the silenced transformants (S1, S2,
and S3). The expression of each gene was calculated relative to PiActA and normalized to the expression in strain
T30-2.
We obtained a total of 56 stable geneticin resistant lines. However, most of these lines
showed severe growth defects,making themunusable for further analysis. A subset of
four transformed lines without severe growth defects was selected for further analysis.
As a control, DNA transformations were performedwith an empty vector (EV). Two EV
control lines were included for further analysis.
To assess whether the transformed lines showed altered expression levels of Pigpg1, we
performed qPCRs on RNAobtained frommycelium.We observed three transformed lines
in which Pigpg1 expressionwas reduced (silenced transformants S1, S2, and S3), and one
inwhich expressionwas increased (overexpression transformant OX1) (Figure 3.3).
To assess whether the expression of Pigpa1 and Pigpb1was affected by silencing or overex-
pressing Pigpg1, we performed additional qPCRs. Overall, the transcript levels of Pigpa1
were slightly reduced in comparison to thewild type recipient strain, not only in the Pigpg1
silenced transformants S1, S2 and S3, but also in the overexpression transformant OX1.
Pigpb1 transcript levels seemed to be less affected.
PiGPG1 is not required for oospore formation
To assess whether PiGPG1 is involved inmating of P. infestans, we co-cultivated thewild
type recipient strain T30-2, the Pigpg1-silenced transformants and the overexpression
transformant (mating typeA1)with awild type strain of the oppositemating type (mating
type A2). In all combinations, the number of oospores that was formed at the interface
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was in the same range, and also themorphology of the oospores was comparable. This
suggests that PiGPG1 is not required for oospore formation.
Mycelial growth is impaired byPigpg1-overexpression
To assess whether Pigpg1 has a role in vegetative growth, we analyzed the radial growth
rate of the transformed lines on rye sucrose agar (RSA). The Pigpg1-silenced lines showed
a growth rate similar to that of the EV lines, reaching a 7 to 8 cm diameter colony in 14
days (Figure 3.4a). In contrast, the Pigpg1-overexpression line OX1 consistently grew
slower compared to the other lines (Figure 3.4a). OX1 also showed a more aerial and
'fluffy’ phenotype in comparison to the empty vector control lines while the silenced lines
displayed no obvious changes inmorphology (Figure 3.4b).
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Figure 3.4 | a) Radial growth rate of empty vector control lines (EV), Pigpg1 overexpression (OX) and Pigpg1 silenced (S)
lines. The graph is representative for three independent growth rate assays that each included five replicates per line.
The diameter at d = 2 is the size of inoculation plug (ø 0.5 cm). EV lines did not show deviations from growth rates
observed in the recipient strain T30-2. b)Morphology of EV, OX, and S lines, cultivated for 14 days on RSA at 18 °C
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Figure 3.5 |Average number of sporangia per square centimeter ofmycelium after 14-day growth on RSA. The total
number of sporangiawas set relative to the total area of the colony. Differences between the number of sporangia
were evaluatedwithWilcoxon signed-rank test (* p<0.05, ** p<0.01).
Pigpg1 silencing and overexpression affects sporangial development
To evaluate whether Pigpg1-silenced lines have defects in sporangial development, we
analyzed the number of sporangia formed during cultivation on solidmedium. Overall, in
both Pigpg1-silenced and Pigpg1-overexpression lines, we observed a strong reduction in
the number of sporangia compared to the control EV lines (Figure 3.5).
In wild type strains, P. infestans sporangia are ovoid, lemon-shaped. In Pigpg1-silenced
lines we observedmany sporangia with aberrant phenotypes (Figure 3.6a). Their shape
wasmore elongated, and inmany cases sporangia with oversized papillae were observed
(Figure 3.6a). To assess whether the shape of themalformed sporangia of the silenced
lines is significantly different from the normal shape as observed in the control lines,
we measured length and width of the sporangia and determined the length-to-width
(LW) ratio. Although no significant differences were observed in the length or width of
sporangia (Figures 3.6c, 3.6d, Table S3.2) the LW ratio of sporangia of the silencedwas
significantly increased. InEV lines this LWratio isonaverage 1.46±0.17,whereas in silenced
lines the LW ratio is around 1.63±0.28 (Figure 3.6b, Table S3.2). In contrast, the sporangia
of the overexpression line OX1weremore round shaped instead of oval (Figure 3.6a) and
this is reflected in a slightly lower LW ratio of 1.37±0.16 (Table S3.2).
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Figure 3.6 | a) Representative sporangia from control lines (EV1-3), the Pigpg1-overxpression line (OX1), and Pigpg1-
silenced (S1-3) lines. Bar is 20 µm; b) Length-to-width (LW) ratios from at least 34 sporangia per line. Differences
between LW ratios were evaluatedwithWilcoxon signed-rank test (* p<0.05, ** p<0.01, *** p <0.001). The experiment
was performed three times on independent samples of sporangia of each line, with similar results; Length (c) and
width (d) of at least 34 sporangia per line.
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3.4 Discussion
Previous studies on G-protein signaling in P. infestansdealt with the functional analyses
of two the three subunits of the heterotrimeric G-protein complex, i.e. Gα and Gβ. In
this study, we show that P. infestans has a functional Gγ subunit that plays a crucial role
in asexual development of this plant pathogen. Transformed lines in which Pigpg1 is
silenced or overexpressed produce a reduced number of sporangia, and if produced, they
display malformations. We also observed defects in the production of zoospores, but
this phenotype was not always consistent and difficult to quantify. The relatively low
sequence similarity of PiGPG1 to Gγ subunits previously identified in organisms from
other taxa explainswhyGγ subunit geneswere not readily detected in oomycetes, neither
by automatic genome annotation pipelines nor bymanual inspection. The high degree
of conservation of the Gγ subunit within oomycetes, together with the conserved Gα
and Gβ subunits is a strong indication that oomycetes have a bona fide heterotrimeric
G-protein complex.
Because of the elementary role of PiGPG1 in development we faced limitations in our
experimental set-up employinggene silencingofPigpg1. From the initial pool ofP. infestans
transformants, over 50 lines had severe growthdefects andwerenot viable. In the few that
could bemaintained, transcriptional silencing of Pigpg1was relatively ineffective, with the
lowest transcription levels down to approximately 35%of those observed in the recipient
strain T30-2. It is not unlikely that the transformed lines, whichwe had to discard due to
lack of viability, posed higher silencing efficiencies. Presumably, lower transcription levels
of Pigpg1 result in either severe growth defects or are lethal. Thus, we expect PiGPG1 to be
essential for P. infestans.
ThephenotypesofPigpg1-silenced linesare similar towhatwasobserved inPigpb1-silenced
lines, which also produce fewer sporangia thanwild type, and those produced aremal-
formed (Latijnhouwers&Govers 2003). Moreover, the single Pigpg1-overexpression line
OX1 displayed 'fluffy’, aerialmycelium, similar to Pigpgb1-silenced lines (Latijnhouwers &
Govers 2003). These results are in line with the general consensus that Gβ and Gγ form a
heterodimer that, as such, activates or suppresses downstream effectors in the G-protein
signaling pathway. The Gβγ complex functionally acts as a monomer and only under
denaturing conditions the subunits are dissociated (Clapham&Neer 1997). Compared to
theGβ subunit, Gγ is relatively small but nevertheless its role is essential. Its primary func-
tion is the localization of the Gβγ complex to the plasmamembrane. Post-translational
lipidmodifications on the CAAX box at the C-terminus, such as isoprenylation, serve as
a membrane anchor to aid membrane localization, which is a prerequisite for proper
G-protein signaling (Zhang et al. 2001; Vogler et al. 2008;Mulligan et al. 2010).
Compared to higher eukaryotes, the versatility of G-protein signaling in oomycetesmight
appear limited. With only one single gene for eachG-protein subunit, only oneuniquehet-
erotrimericG-protein complex canbe formed. This is in sharp contrast to the vast numbers
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of potential unique heterotrimers in higher eukaryotes. In humans, for example, a total
of around 700 combinations is theoretically possible, and although not all these 700 are
verified,many combinations have been observed, often as tissue specific heterotrimeric
G-protein complexes or associatedwith certain developmental stages (Hillenbrand et al.
2015). Hence, it is likely that the single heterotrimeric G-protein complex in P. infestanshas
amuch broader function in signaling than themore specialized heterotrimers in other
organisms. Consequently, a deficiency in either one of the G-protein subunits will have
profound effects. Indeed, severe phenotypes were observed in both Pigpa1 and Pigpb1
silenced transformants (Latijnhouwers &Govers 2003; Latijnhouwers et al. 2004), and as
shown in this study, also upon Pigpg1 silencing.
The observation that silencing or overexpressing Pigpg1has an effect on the expression
level of Pigpa1 and also Pigpb1, albeit to a lesser extent, indicates regulation of G-protein
subunit genes via (post)transcriptional feedback. This presumed transcriptional feedback
mechanism could in part explain the profound phenotypes that we observed. Supposedly
not only Gβγ levels are reduced but also Gα. It has been reported that silencing or knock-
out mutagenesis of a particular G-protein subunit gene can indeed lead to decreased
levels of other subunits, illustrating their interdependency. In the filamentous fungus
Neurospora crassa, reduced protein levels of Gα and Gβ were observed in Gγ deletion
mutants (Krystofova& Borkovich 2005) and similar findings were reported for S. cerevisiae
andmice (Hirschman et al. 1997; Schwindinger et al. 2004). Apart from the regulation on
protein level, which occurs likely by an increased turnover rate, also the transcription rate
of G-protein subunit genes can be affected. For example, in the chestnut blight fungus
Cryphonectria parasitica, disruption of the Gβ subunit gene resulted in reduced mRNA
levels of the gene encoding Gα (Kasahara et al. 2000).
G-proteins do not seem to be involved in the initial phases of sexual reproduction of P.
infestans. In Pigpg1 silenced and overexpression lines, we did not observe differences in the
numbers of oospores that were formed, nor in their morphology. This is in accordance
with previous observations that silencing of Pigpgb1did not affect oospore formation (Lati-
jnhouwers &Govers 2003). In several fungi though, G-protein subunits play an important
role in sexual reproduction. For example, in S. cerevisiae Gβγ subunits are essential for
initiating downstream signaling upon recognition of themating factor (Alvaro& Thorner
2016). In Phytophthora the molecular basis of sexual reproduction is still poorly under-
stood. A recent study in P. infestans showed severe defects in oospore formation upon
silencing of PiLLP, a gene encoding a loricin-like, glycine rich cell wall protein (Guo et al.
2017). InP. sojae, silencing ofPsGK5 severely affects oospore formationpointing to a role for
a GPCR-PIPK as signaling component inmating (Yang et al. 2013). In view of the findings
that reduction in eitherGβ (Latijnhouwers&Govers 2003) orGγ (this study) has no severe
effects on oospore formation suggests that GPCR-PIPKs can act independently of the
heterotrimeric G-protein complex. One of the proposedmodels for themode of action of
GPCR-PIPKs entails a direct activation of the PIPK domain through agonist binding on the
GPCRdomain (this thesis, chapter 6). In this case the agonist could be amating hormone.
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Phytophthoramating hormones have been identified butwhat their receptors are and how
their synthesis is regulated is unknown (Harutyunyan et al. 2008).
The severe impairment in sporangial development and zoospore release in the Pigpg1-
silenced and overexpression lines refrained us from testing the role of PiGPG1 in virulence
ofP. infestans. As none of the transformed lines produced sufficient sporangia or zoospores
for the inoculation of potato leaves wemade attempts to usemycelium as inoculum.We
performed several trials, but were unable to determine whether the reduced infection
efficiencies were due to poor quality of the inoculumor to reduced levels of PiGPG1.
Integrating the results of this study with previous findings lead us to conclude that P.
infestans has a functional heterotrimeric G-protein complex with a vital role in asexual
development. Although all three G-protein subunits are present, P. infestans only has a
single gene for each subunit, a restriction that likely limits the flexibility in heterotrimeric
G-protein signaling in this pathogen. The same holds for other oomycetes and this raises
the question how these organisms deal with this. Themost pressing question is whether
all the 88 GPCRs, predicted to be present in P. infestansbased on genomemining (van den
Hoogen et al. 2018), are dependent on one heterotrimeric G-protein. This seems unlikely;
it would be a kind of bottleneck severely reducing the variety of potential downstream
signaling pathways that have to be in place in such a complex environment. Presumably,
in oomycetes this bottleneck can be avoided by alternative signaling pathways. The vari-
ety of so-called GPCR-bigrams, i.e. GPCRswith a catalytic accessory domain such as the
GPCR-PIPKs (van denHoogen et al. 2018), offers ample opportunity for transmission of
extracellular signals to the inside of the cell independent of the heterotrimeric G-protein.
Alternatively, signaling throughβ-arrestinsmight be in play as well. Altogether, the intri-
cate network underlying G-protein signaling in Phytophthora and other oomycetes is still a
black boxwithmany questions that remain to be answered.
3.5 Materials andMethods
Strains, culture conditions and life stages
P. infestans strain T30-2 (van der Lee et al. 2004) (A1mating type) and all transgenic lines
were grown routinely at 18 °C in the dark on rye agar medium supplemented with 2%
sucrose (RSA) (Caten& Jinks 1968). RSAwas supplemented 20 µg/ml vancomycin, 100
µg/ml ampicillin and 50 µg/ml amphotericin B, in additionwith 2.5 µg/ml geneticin for
the transformants. Prior to assays, transformant lines were cultivated on RSAwithout ge-
neticin for two generations to rule out possible adverse effects of the selection compound.
Sporangia were dislodged from sporulatingmycelium in sterilemilli-Qwater by rubbing
with a Drigalski spatula, and counted using a haemocytometer. Mycelial fragments were
filtered out using a 50µmnylonmesh. Zoospore releasewas inducedby flooding sporulat-
ingmyceliumwith coldmilli-Qwater and incubation at 4°C for 2.5h. To obtainmycelium
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free of sporangia for RNA isolation,myceliumwas grown in liquid rye sucrosemedium
and washedmultiple times in sterile milli-Q water, snap-frozen in liquid nitrogen and
subsequently freeze-dried overnight. Mating assays were performed by cocultivating the
T30-2 recipient strain or transformed lines, along with P. infestans strain 88133 (mating
type A2). Oospores were observed at the interface of the two strains after 7 days.
RNA isolation and expression analyses
RNAwas isolated using home-made TRIzol (Verdonk 2014) and cDNAwas synthesized
usingM-MLV Reverse Transcriptase (Promega) according tomanufacturer's instructions.
qPCRwas carried out on an ABI7300 PCRmachine (Applied Biosystems) in combination
with the SensiMix SYBRHi-ROX kit (BioLine). The following qPCR conditions were used:
an initial 95°C denaturation step for 10 seconds followed by denaturation for 15 seconds at
95°C, annealing for 60 seconds at 60°C, and extension at 72°C for 40 cycles. Melt curves
were generated to evaluate the specificity of amplification. ActA (PITG_ 15117) was used as
endogenous control. The fold change of expressionwas calculated using the delta-delta
Ctmethod (Livak& Schmittgen 2001).
Microscopy
Microscopy was performed using a Nikon 90i microscope and analyzed using ImageJ
(Schneider et al. 2012). The average length-to-width ratio of Pigpg1-silenced and Pigpg1-
overexpressed sporangiawere compared to the control lines usingaWilcoxon signed-rank
test in R v3.3.2.
Plasmid construction andP. infestans transformations
To obtain a sense construct for the silencing and overexpression of the P. infestans Gγ
subunit, the full-length sequence of PITG_16898was amplified from gDNA of P. infestans
isolate 88069 and cloned into theNotI and AatII sites of the vector pmCherry-N (Ah-Fong
& Judelson 2011), resulting in plasmid pmCherry-Gγ. This plasmid and the empty vector
pmCherry (as control) were used for DNA transformation of P. infestans strain T30-2. Sta-
ble transformants were generated using PEG/CaCl2-mediated protoplast transformation
according tomethods described previously (Ah-Fong et al. 2008), omitting the step of
complexing circular plasmid DNAwith Lipofectin. A total of 70 transformants was ob-
tained, fromwhich four were selected for analysis. All primers used in this study are listed
in supplemental table S2.
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Bioinformatic analyses
To predict the quaternary structure of the P. infestansGβγ dimer, 3Dmodels of G-protein
subunits PiGPB1 (PITG_06376) and PiGPG1 (PITG_16898) were predicted using SWISS-
MODEL (Bordoli et al. 2009). Next, the align feature in PyMOL (Schrodinger 2015) was
used toalign the subunits. OomyceteGγhomologswereobtainedbyBLAST (Altschul et al.
1997) search on FungiDB (Stajich et al. 2012), using the PiGPG1 protein sequence as query.
Protein sequences of putative homologswere analyzed in Geneious V9.1.4 (Kearse et al.
2012). Multiple sequence alignments were made using the MAFFT (Katoh & Standley
2013) plugin in Geneious.
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Table S3.1 |Gγ subunit genes in oomycetes
Gene ID Product description Note Organism Length (aa)
evm.TU.AC2VRR_s00154g59 unspecified product Albugo candida 70
ALNC14_027420 unspecified product Albugo laibachii 70
H257_08527 unspecified product Aphanomyces astaci 70
H310_08072 unspecified product Aphanomyces invadans 70
Hpa_Gpg1 uncharacterized protein Hyaloperonospora arabidopsidis 71
Hpa_Gpg2 uncharacterized protein Pseudogene Hyaloperonospora arabidopsidis 71
PHYCA_11944 unspecified product Phytophthora capsici 71
PHYCI_226007 unspecified product Phytophthora cinnamomi 71
PITG_16898 hypothetical protein Phytophthora infestans 71
PPTG_12153 hypothetical protein Phytophthora parasitica 70
PramPr-102_SC0012 - 495630-495361 N/A Corrected Phytophthora ramorum 71
PHYSO_288141 unspecified product Corrected Phytophthora sojae 71
PAG1_G009306 unspecified product Pythiumaphanidermatum 70
PAR_G013431 unspecified product Pythiumarrhenomanes 70
PIR_G005981 unspecified product Pythium irregulare 70
PIW_G007690 unspecified product Pythium iwayamai 70
PYU1_G009775 unspecified product Pythiumultimum 70
PVE_G008653 unspecified product Corrected Pythium vexans 70
SDRG_05853 hypothetical protein Saprolegnia diclina 70
SPRG_15045 hypothetical protein Saprolegnia parasitica 70
Table S3.2 | Length and width measurements of P. infestans sporangia. Average length and width of sporangia
isolated from control (EV), Pigpg1-overexpression (OE) and Pigpg1-silenced (S) lines, and length-to-width (LW) ratios.
* p <0.05, ** p <0.01, *** p <0.001 usingWilcoxon signed-rank test.
Line Average length (µm) Averagewidth (µm) Average LW
EV1 27.13 18.28 1.49
EV2 23.53 16.20 1.46
OX1 24.53 17.96 1.37
S1 32.15 19.01 1.70*
S2 24.58 15.67 1.57*
S3 28.99 18.31 1.61*
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Table S3.3 | Primers used in this study
Name Sequence (5’ - 3’) Purpose
Pigpa1_qF CATGTACGATGTCGGTGGAC Pigpa1 qPCR
Pigpa1_qR GCCTCGATCATACGGTTTGT Pigpa1 qPCR
Pigpb1_qF GAGCCTCAAGGAGACGATTG Pigpb1 qPCR
Pigpb1_qR GCCAAAGTGGCCTTTCAATA Pigpb1 qPCR
Pigpg1_qF CGAGATCGACCTCAAGACG Pigpg1 qPCR
Pigpg1_qR GTACTCGGCGATTTTCTTGG Pigpg1 qPCR
PiActA_qF CATCAAGGAGAAGCTGACGTACA PiActA qPCR
PiActA_qR GACGACTCGGCGGCAG PiActA qPCR
Pigpg1_NotI_F TACAAGGCGGCCGCAATGTCCGACGCAGCCTCCAAG Cloning Pigpg1 in pmCherryN
Pigpg1_AatII_R GGTTAGACGTCCTACAAAATGCTACAACCGCCG Cloning Pigpg1 in pmCherryN
Pigpg1_F TATACCGGTATGTCCGACGCAGCCT Full-length {Pigpg1 }gene product
Pigpg1_R TATGCTAGCCAAAATGCTACAACCGC Full-length {Pigpg1 }gene product
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FigureS3.1 |TheP. infestansGγ subunitgenePigpg1hasone intron. The 72bp intronpresent inPITG_16898 is spliced
out during transcription. Amplicons of Pigpg1 obtained by PCRwith primers Pigpg1_F and Pigpg1_R and P. infestans
T30-2 gDNA (expected size: 288 bp) and cDNA (expected size: 216 bp) as template.
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FigureS3.2 |The intronboundaries inoomyceteGγ subunitgenesare conserved. GT/AG splice sites (indicatedwith
arrows) are present in all sequences. All genemodels have two exons (black bars) and one intron (black line). Numbers
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Figure S3.3 | Construct used for transformation ofP. infestans. Integration in the genome can lead to transcriptional
silencing and overexpression of Pigpg1.
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4.1. Abstract
4.1 Abstract
Themicrotubule (MT) cytoskeleton is a systemof intracellular filaments, that is able to
quickly adaptdifferent configurations. This process is regulatedbymicrotubular dynamics
andMT-associated proteins (MAPs). TheMT cytoskeleton is shared by all eukaryotes and
is involved in numerous cellular processes ranging fromnuclear division to intracellular
transport, but its role varies between organisms and cells. Here, we focus on themicro-
tubule (MT) cytoskeleton in filamentous plant pathogens in the genus Phytophthora.We
made an inventory ofα- andβ-tubulin proteins, the building blocks ofmicrotubules in
oomycetes, and also cataloguedMAPs in Phytophthora infestans. This resulted in 186 puta-
tiveMAPs that are divided over allmajorMAP classes and include some unique dynein
and kinesin types, somewith accessory domains not found elsewhere. Live cell imaging of
transgenic Phytophthora palmivora lines carrying an ectopically integrated GFP-α-tubulin
fusion gene provided insight in the spatio-temporal organization of theMT cytoskeleton
in Phytophthora. These lines enabled us tomonitor the in vivomitotic dynamics for the
first time in any oomycete. Additionally, we tested the effect of themicrotubule depoly-
merizing drug oryzalin on the GFP-tubulin tagged lines and used oryzalin as a tool to
study the consequences ofmicrotubule depolymerization on hyphal growth and polarity.
Altogether, this studyprovides abasis for future researchonMTsandMAPs inPhytophthora
and a first glimpse of the dynamics of theMT cytoskeleton in an oomycete.
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4.2 Introduction
The cytoskeleton is awell-organized, dynamic systemof intracellular filaments, shared
across the three domains of life (Wickstead&Gull 2011). It has amyriad of roles, for exam-
ple in processes that provide structural rigidity to cells or allow for polarized cell growth
and cell movement. Main components of the eukaryotic cytoskeleton are filamentous
actin,microtubules, and intermediate filaments. This study focuses on themicrotubule
(MT) cytoskeleton in Phytophthora. Phytophthora spp. are filamentous plant pathogens
that belong to the oomycetes, organisms that together with, among others, brown algae
and diatoms belong to the Stramenopiles. They are only distantly related to unikonts, a
supergroup that harbors another important class of filamentous plant pathogens, namely
fungi (Koonin 2010; Lévesque 2011). Though numerous free-living saprophytic oomycetes
exist, many oomycetes are pathogenic,mainly on plants but also on animals, insects, or
microbes (Govers &Gijzen 2006). Our prime interest is Phytophthora, a genus comprising
over 120 species which are all plant pathogens (Kroon et al. 2012). One of themost notori-
ous species is the late blight pathogen Phytophthora infestans, the culprit of the Irish potato
famine in themid-19th century (Fry 2008). But even now, P. infestans is problematic for
potato productionworldwide. For disease control farmers heavily rely on chemical crop
protection, spraying every 5-7 days. Another well-known species is Phytophthora palmivora,
the causal agent of black pod in cacao. It can infect over 170 plant speciesmainly in the
(sub)tropics, including cacao, citrus, rubber, coconut, and oil palm (Torres et al. 2016).
To gain a better understanding of the cell biology of these pathogens and to identify
novel drug targets, our research focusses on the cytoskeleton of Phytophthora. Our previ-
ous studies using live cell imaging of the actin cytoskeleton in P. infestans, showed some
novel actin configurations including actin asters at the site of plant cell penetration and
immobile cortical actin dots (Meijer et al. 2014; Kots et al. 2016). These so-called actin
plaques appear similar to actin patches in fungi, but whereas actin patches are relatively
short-lived, with turnover rates around 10 seconds (Smith et al. 2001), actin plaques in
P. infestanshave amuch longer lifetime of approximately 75minutes (Meijer et al. 2014).
Moreover, unlike actin patches, actin plaques are probably not involved in endocytosis
(Meijer et al. 2014). Because of the presence of these unique actin structures, and the
central role of the actin cytoskeleton in growth and development, it was hypothesized
that actin plaques hold promise as potential drug target (Meijer et al. 2014). Here we take
a similar approach, focusing on theMT cytoskeleton of Phytophthora. By addressing issues
related to its organization and dynamics we aim to identify features that can potentially
be exploited for designing alternative control agents.
TheMT cytoskeleton is crucial for nuclear division, intracellular transport, and flagellar
movement. MTs are hollow, polymeric, 25 nmwide tubes assembled from protofilaments,
heterodimers that are composed of α- and β-tubulin (Figure 4.1) (Desai & Mitchison
1997). All heterodimers are incorporated in the same orientation, with the β-tubulin
monomer pointing towards the plus (+), and the α-tubulin towards the minus (-) end
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Figure 4.1 | Schematic representation of amicrotubule filament. Protofilaments containing GTP-bound tubulin are
continuously assembled and disassembled at the + end. The rate of GTP hydrolysis on GTP-bound tubulin protofila-
ments dictates the stability of theMT + end.
of the MT (Desai & Mitchison 1997). This orientation of the heterodimers determines
the intrinsic polarity of the protofilaments. Rather than being a static structure, MTs
are constantly growing and shrinking through a process known as dynamic instability,
which is driven by GTP hydrolysis. Under physiological conditions, this process occurs at
the + end ofMTs. In its growing, polymerizing state, aMT contains a so-called GTP-cap,
consisting of GTP-bound tubulin protofilaments. If the rate of GTP hydrolysis is higher
than the incorporation of GTP-bound tubulin protofilaments, the GTP-cap is lost and the
MT rapidly depolymerizes during a so-called catastrophe. At a certain point the MT is
'rescued’, switching back from shrinking to growth. This dynamic instability primarily
occurs at the + end, while at the - endγ-tubulin serves as a stabilizer and nucleator ofMTs.
So-calledmotor proteins, such as kinesin and dynein, ‘walk’ alongMTs, directed by the
orientation of the protofilaments. By thismovement,motor proteins are able to, for ex-
ample, transport cargo or building the tension betweenMT pairs and the centralMTs to
generate the force flagellar movement. In eukaryotes, theMT cytoskeleton andmotor
protein movement are essential for spindle formation and functioning of the spindle
during mitosis (Xiang & Plamann 2003). In filamentous fungi, the MT cytoskeleton is
involved in nuclear positioning, involving themotor proteins dynein and kinesin (Xiang&
Fischer 2004; Gibeaux et al. 2017). Inmammalian cells, dynein and kinesinmovement
alongMTs is crucial for transport in neurons, covering large distances (Maday et al. 2014).
Anothermotor protein type ismyosin, which transports cargo along actin filaments. Inter-
estingly,Phytophthoraappears tohave anexpansive anddiverse array of thismotor protein,
more diverse than in any other organism, with somemyosin types composed of domain
combinations that are not found in organisms fromother taxa (Richards&Cavalier-Smith
2005). Whether this implies extended functions formyosins in Phytophthora is not known,
as none of thesemyosins have been further characterized.
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Studies focused at comparative analysis of theMT cytoskeleton in a range of organisms,
have identified several Phytophthora genes encoding components of the MT cytoskele-
ton, and proteins associatedwith it, includingα-,β-, andγ-tubulin subunits, kinesins,
and dyneins (Richardson et al. 2006;Wickstead&Gull 2011; Kollmar 2016). However, a
complete and detailed inventory ofMT proteins in an oomycete is as of yet not available.
Hence, we set out to analyze the P. infestans genome for genes encode proteins with se-
quence similarity to proteins known to be part of theMT cytoskeleton. To assess whether
oomycetes have unique features in their repertoire of MT-associated proteins (MAPs),
we classified putativemicrotubulemotor proteins and otherMAPs in P. infestans. These
include novel subfamilies of themotor proteins dynein and kinesin, which are unique for
oomycetes. Moreover, some kinesins with unique accessory domains were identified. To
test the hypothesis thatMTs in oomycetes play a role in nuclear positioning in coenocytic
hyphae (Heath&Kaminskyj 1989), we set out to visualize theMTs in Phytophthoraby live
cell imaging. We generated P. palmivora transformants expressing fluorescently labeled
α-tubulin subunits, an approach that has been successfully implemented to visualize the
MT cytoskeleton in awide range of organisms, as reviewed by Goodson et al. (2010). We
exploited these transformants to follow the development of themitotic spindle and to
monitor the dynamics of cytoplasmicMTs polymerizing from theMicrotubule Organizing
Centers (MTOCs). This is the first study in which theMT cytoskeleton in an oomycete has
been visualized by live cell imaging. Altogether, this study gives us a unique insight in the
MT dynamics in Phytophthora and provides an important basis for future research on the
oomyceteMT cytoskeleton.
4.3 Results andDiscussion
Agenome-wide inventory of oomycetemicrotubule proteins
To create an inventory of tubulin encoding genes in oomycetes, we first screened the
P. infestans genome. We identified five gene models predicted to encode an α-tubulin
subunit, and one gene model to encode a β-tubulin subunit. We named these genes
PiTubA1-5 and PiTubB1, respectively (Tables S4.1, S4.2). Subsequently, the P. infestans gene
models were used as a query to identify homologs in other oomycetes. In general, most
oomycetes have three to five genes encoding aα-tubulin subunit and a singleβ-tubulin
gene (Tables S4.1, S4.2). At the protein level, oomycete α- and β-tubulins are highly
similar;α-tubulin subunits display 91.5%pairwise identity, andβ-tubulins are essentially
identical exhibiting 99.4%pairwise identity.
Many oomyceteα-tubulin genes are poorly annotated and the low number of identified
genes in some species is likely due to a poor coverage and/or annotation of the genome se-
quences. In particular inPythium spp.,manyα-tubulin genemodels are incorrect resulting
in truncated proteins (Table S4.1). Consequently, it is difficult to define the exact number
of genes encoding α-subunits. However, in Pythium ultimum three full-length protein
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models are present. Consequently, wepresume that this is the number ofα-subunit genes
in Pythium spp. InAlbugo andAphanomyces spp., wewere only able to detect twoα-tubulin
coding genes (Table S4.1).
Generally speaking, these numbers are in line with the gene copy numbers found for
other organisms. The ciliate Tetrahymena thermophila, which just as oomycetes belongs to
the eukaryotic supergroup chromalveolates, contains a singleα-tubulin gene and two
β-tubulin genes (Smith et al. 2004). Whereas lower fungi in thedivisionsZygomycota and
Chytridiomycota have up to fiveα- andβ-tubulin coding genes, higher fungi often have
less with ascomycetes and basidiomycetes containing only one and twoα- orβ-tubulin
genes (Zhao et al. 2014). In plants, tubulin encoding genes underwent duplication events,
resulting in up to 20β-tubulin genes in flowering plants (Breviario et al. 2013).
Functional classification of putativeP. infestansmicrotubule-associated proteins
With the aimof providing a comprehensive overviewofMT-associatedmotor proteins and
otherMAPs in P. infestans, we extended our search. To this end, we used a combination of
Blast, HMM, and keyword searches, includingmotor proteins and otherMAPs previously
described in fungi (Xiang&Plamann2003) andplants (Krtkovaet al. 2016) asqueries. This
resulted in a total of 186 genemodels, whichwere classified into relevant (sub)families
based on sequence homology to knownMAPs. An overview of theMAPs identified in P.
infestans is provided in Table 4.1, and all putativeMAP encoding genes are listed in Table
S4.3.
The inventory includesmembers of allmajor classes of describedMAPs, such as themotor
proteins dynein and kinesin, while genes encoding augmin subunits seem absent (dis-
cussed in detail below). SeveralMTplus endbinding proteinswere identified (Table S4.3),
whichhave important roles in several processes suchasprotein localizationand regulating
MTdynamics. Also, proteins involved inMTnucleation are present, including 6γ-tubulins
and a homolog of TPX2 (Targeting protein for Xklp2) (Table S4.3). Furthermore, MT- and
centrosome-associated protein kinases, tubulin assembly proteins, and kinetochore and
centromere-associated proteins are found. We have also included a number of previously
identified intraflagellar transport proteins (Judelson et al. 2012).
Oomycetes contain unique kinesins
We identified a total of 58 P. infestans genes encoding putative kinesins (Table S4.3). Most
of these could be classified in existing subfamilies, according to similarity tomembers
of described kinesin families in other eukaryotes. In accordance with earlier analyses
in Phytophthora sojae (Wickstead et al. 2010), two P. infestans kinesins were found to be
divergent from other eukaryotic kinesins. In a phylogenetic reconstruction, we found that
one of these kinesins groupswith several ciliate and protozoan kinesins, which are also
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Table 4.1 |Microtubule subunits andmicrotubule associated proteins (MAPs) in P. infestans
Family Subfamily Number of genes
Tubulin Alpha 5
Beta 1
Gamma 1
Other subunits SPC97/98 5
FtsZ 3
MT+endbinding
proteins EB1 1
CLASP 1
MOR1/MAP215 1
Kinesins KIN family 61
Dynein Light chain 15
Intermediate chain 4
Heavy chain 20
Dynein regulatory
complex protein 2
Protein kinases Aurora kinase 4
Other tubulin-related
kinases 5
OtherMAPs Katanin 4
Chaperones 3
TTL 3
Interflagellar transport
proteins 18
Kinetochore 10
Centromere 9
TPX2 1
MAP65 (Ase1, PRC1) 1
RIB43a 1
TRAF3IP 3
Tubulin-related
WD-repeat proteins 3
Dynamin 3
Memo-like 1
SF-assemblin 1
Not found Augmin
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not classifiable in previously described subfamilies.
In P. sojae and Phytophthora ramorum, several kinesins with oomycete specific domain
combinations are reported (Richardson et al. 2006). However, some of these are likely a
result ofmisannotation as they are not found in other oomycetes. For example, in P. sojae
and P. ramorum, the genomic regions containing the genes predicted to encode kinesins
with a N-terminal endonuclease/exonuclease/phosphatase domain (Richardson et al.
2006), are syntenic to regions in otherPhytophthora spp. where thedomains are annotated
as individual genes. Consequently, it is unlikely that such proteins exist. Nonetheless,
we are confident that a kinesin with a ZZ-type Zinc Finger domain, a protein domain
combination not observed in other eukaryotes, is present in P. infestans (Table S4.3) and
in other Peronosporalean oomycetes. Similarly, some oomycetemyosins, actin-related
motor proteins, have a FYVE-type Zinc Finger domain (Richards& Cavalier-Smith 2005;
Seidl et al. 2011).
In addition, we identified two kinesins with transmembrane domains, and one kinesin
with amajor facilitator superfamily (MFS) domain (Table S4.3). Even though these pro-
teins contain unique accessory domains, their kinesin domains show similarity to other
eukaryotic kinesins. Hence, it is likely that the accessory domains were acquired later in
evolution. What role, if any, these accessory domains have in the functioning of these
oomycete-specific kinesins is unclear and remains to be investigated.
Dynein light chain subunits are expressed in spores
We identified a total of 39 dynein subunit encoding genes in P. infestans. These include
15 dynein light chain (DLC) subunits, 5 dynein intermediate chain (DIC) subunits, and 20
dyneinheavy chain (DHC) subunits (Table S4.3). ThreeDHCsubunits belong tooomycete-
specific classes: DHC14, DHC15, and DHC16 (Kollmar 2016). Genes encoding DHC14,
DHC15, and DHC16 subunits are present as single copy genes in all oomycetes. Using
in-house RNAseq data (C. Schoina et al., unpublished), we analyzed the expression profile
of dynein subunit genes in P. infestans. This showed that nearly all DLC encoding genes
are upregulated in sporangia, with 12 out of 14 detected DLC genes having this expression
profile (Table S4.3). In sporangia, zoospores are formed, which explains the upregulation
of DLC subunit genes. During zoosporogenesis, flagella are formed, in which dynein
is crucial for exerting movement. DIC and DHC subunit genes have a less pronounced
expression profile.
Peronosporalean oomycetes donot encode augmin subunits
In P. infestans, we did not detect any genes homologous to augmin encoding genes. In
fact, we have not been able to identify augmin encoding genes in any Peronosporelean oo-
mycetes, including species from the genera Phytophthora, Hyaloperonopspora, Peronospora,
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and Plasmopara Figure S4.1. In contrast, a single gene homologous to augmin subunit 4
(Aug4) is present in species from the generaAlbugo, Pythium,Aphanomyces, and Saprolegnia
Table S4.4. Searches using putative oomycete Aug4 subunits as query in Peronosporeles,
did not result in significant hits. Hence, we conclude that at least one augmin subunit
genewas present in basal oomycetes and that it was lost during evolution.
Augmin subunits form a protein complex binding to spindleMTs, and by recruitment of
γ-tubulin promote centrosome-independentMT generation in spindles (Goshima et al.
2008). In highermetazoans, the complex consists of eight subunits (Lawo et al. 2009), but
genes encoding the subunits are not detected in yeast or Caenorhabditis elegans (Kamasaki
et al. 2013; Edzuka et al. 2014). The absence of augmin dictates that centrosomes are
present in oomycetes, which is in agreement with earlier findings that in Saprolegnia ferax
centrosomeswith centrioles are present (Heath&Greenwood 1968). Also in brown algae
and diatoms, which are close phylogenetic relatives of oomycetes,microtubule organiz-
ing centres (MTOCs) are found (Azimzadeh 2014). However, in contrast to these close
relatives,mitosis in oomycetes is closed,meaning that the nuclearmembrane remains
intact throughout nuclear division. Closed or partially closedmitosis occurs inmany lower
eukaryotes (reviewed byHeath (1980). In oomycetes, the occurrence of closedmitosis can
be linked to an evolutionary advantage to their coenocytic life style. In syncytia, many
nuclei are present in a common cytoplasm and duringmitosis it is vital that geneticmate-
rial does not getmixed among different nuclei. Oneway to assure this is to contain each
spindle within their own nuclear envelope (De Souza&Osmani 2007). This strategy can
also be found inmany other coenocytes, amongwhich themalaria parasite Plasmodium
(Gerald et al. 2011), the filamentous fungusNeurospora crassa (Gladfelter 2006), and the
algae Boergesenia forbessi (Itagaki &Ogawa 1994) and Vaucheria terrestris (Takahashi et al.
2003).
Introduction of aGFP-α-tubulin fusion gene inPhytophthora palmivora
To generate transgenic Phytophthora lines expressing GFP-tagged tubulin we transformed
P. infestanswith constructs carrying GFP-α-tubulin fusion genes, one based on tubulin
subunitTubA2andtheotheronTubA5 (Figure S4.2). However, despite considerableeffort,
no suitable transgenic P. infestans lines were obtained. None of the transformants that
grew on selectivemedium showed fluorescence suggesting that the DNA transformation
was successful but that either the fusion genewas not expressed or the GFP-α-tubulin
fusion protein was unstable. We then transformed P. palmivora (strain 6390) using the
same constructs and obtained a total of five transformants with a detectable fluorescent
signal. The lines were designated GFP-TubA2#1,-3,-4 and GFP-TubA5#1,-2; in which TubA2
and TubA5 refer to the α-tubulin gene that is introduced in the respective line. Both
constructs were found to label the same population ofMTs (Figure S4.3). In all lines, GFP
labelled tubulin was observed and recorded. However, only in two lines, GFP-TubA2#1
and GFP-TubA5#1, the fluorescencewasmaintained in single zoospore cultures generated
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from the initial transformants. In the three other lines (GFP-TubA2#2-3 and GFP-TubA5#2-
3) fluorescencewas lost within several weeks. Possibly the transformationwas not stable,
or the transformed lines displayed silencing of the constructs. To assess whether the
transformation or the expression of the transgene had unexpected adverse effects in GFP-
TubA2#1 and GFP-TubA5#1, wemonitored the viability and general growthmorphology
of the lines. In none of these transformed lines phenotypic defects were observed, and
colony expansion rate was not affected (Figure S4.4).
Live cell imaging of theMT cytoskeleton during nuclear division
We first analyzed all the transformed lines, i.e. GFP-TubA2#1,-3,-4 and GFP-TubA5#1-2, by
microscopy and confirmed that they all showed the sameMT organization. The results
shown hereafter are obtained from one of the six lines, i.e. GFP-TubA2#1. In the GFP-TubA
labeled lines we observed that during interphase, cytoplasmicMTs (Figure 4.2a) radiate
fromMicrotubule Organizing Centers (MTOCs). This is in line with previous studies by
Heath andGreenwood (1970) who showed by transmission electronmicroscopy that in
oomycetes theMTOCs are similar to those found in animals and brown algae (Katsaros et
al. 2006), with eachMTOC being associatedwith a nucleus in interphase and containing
two tubular centrioles (Heath & Greenwood 1970). Here we were able to observe MT
dynamics in the cytoplasm (Figure 4.2b). TheMTs inP. palmivora showdynamic instability,
growing and shrinking alternately and besides we observeMT-MT interactions between
antiparallel MTs, originating fromdifferentMTOCs.
Shortly before nuclear division, theMTOC duplicates and the two daughterMTOCs posi-
tion themselves on opposite sides of the nucleus. Subsequently, an intranuclear spindle is
formed between theMTOCs (Figure 4.2c). As the division proceeds, we can see that the
MTOCsmove apart. However, theMTOCs remain connected byMTs for some time after
nuclear division is completed, possibly preventing collision of the two daughter nuclei.
Although this suggests that MTs play a role in nuclear positioning further studies are
needed to prove this hypothesis.
Oryzalin-mediated depolymerisation ofMTs
As a next step, we tested the sensitivity of PhytophthoraMTs to themicrotubule depolymer-
izing drug oryzalin. Oryzalin, commercially available as an herbicide, has a strong binding
affinity to plantα-tubulin, while having no affinity formammalian tubulin (Hugdahl &
Morejohn 1993; Anthony et al. 1998). By direct binding toα-tubulin, oryzalin prevents
polymerization and promotes depolymerization of plantmicrotubules (Strachan&Hess
1983). Next to being effective against plant tubulin, oryzalin was also reported to work
against protozoan parasites (Hugdahl &Morejohn 1993). In literaturewe could not find
any studies in which this drugwas tested for activity against oomycetes. To test the sensi-
tivity of P. palmivora to oryzalin, we exposed germinating cysts (GFP-TubA2#1) to different
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Figure 4.2 |Microtubules inP. palmivorahyphae. a) InternuclearMTswithMTOCs (*) and growing or shrinking plus
ends (arrowheads) indicated. Scale bar: 10 µm. b)Detail of the box in a) showingMT dynamics. c)Mitotic spindle over
time. Scale bar: 5 µm. d) Kymograph of spindle in c) showing theMTOCmoving apart over time. Time is inmin:sec.
concentrations of oryzalin. MT depolymerization could clearly be observed at oryzalin
concentrations of 2.5 µM and higher (Figure 4.3a, 4.3b). In contrast, the MTOCs, and
sometimes theMTs in the spindle, were not affected by oryzalin treatment up to 10 µM
(Figure 4.3c). Since dynamicmicrotubules are reported to bemore sensitive to oryzalin
than static ones (Strachan&Hess 1983), we presume that oomyceteMTOCs and possibly
also the spindleMTs are relatively static.
4.4 Conclusion
Altogether, this work provides an important basis for future research on theMT cytoskele-
ton of Phytophthora and that of other oomycetes. TheMAP inventory provides a compre-
hensive overview of both universal and oomycete-specific features of proteins putatively
interactingwithMTs, and is a useful resource for future studies. For example, the novel
kinesin and dynein types are intriguing. Do they have a specific role that is unique for
oomycetes and if so, are they potential drug targets? Likewise, the P. palmivora lines with
fluorescently labeled tubulinmay serve as an important tool for further unraveling the
dynamics of the PhytophthoraMT cytoskeleton and its role in hyphal growth, development
and plant infection. Ultimately, they can help in the identification of oomycete-specific
drug targets by testing the sensitivity to chemicals targeting theMT cytoskeleton.
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Figure4.3 |MTorganizationingerminatingcysts treatedwithoryzalin. Therightpanels zoominonhypha indicated
by numbers in the left panels. Free cytoplasmicMTs (arrowheads), MTOCs (*) and spindles (arrows) are indicated. a)
Untreated germinating cysts with intactMT cytoskeleton. 1) early spindle, 2) late spindle and 3) a single nucleus with
oneMTOC. b)Germinated cysts treatedwith 2.5 µMoryzalin. 1) and 3) show a singleMTOC and 2) an early spindle. c)
Germinated cysts treatedwith 10 µMoryzalin. 1) a singleMTOC, 2) early spindle and 3) a pair ofMTOCs. Scale bars: 10
µm.
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4.5 Materials andmethods
Search strategies
The genome of P. infestans strain T30-4 (Haas et al. 2009) was screened for genes encoding
α- andβ-tubulin subunits by BLAST search using previously annotated genes from P. sojae
andP. ramorum. In addition, 19 oomycete species (FigureS3) were analyzed for homologs
using BLAST and orthology searches on FungiDB (Stajich et al. 2012). Protein domains
were predicted using SMART (Letunic et al. 2015) and InterProScan (Jones et al. 2014).
Kinesin anddynein heavy chain classification
P. infestans kinesins and dynein heavy chain (DHC) subunits were categorized according to
previouslydescribedkinesinandDHCfamilies (Wicksteadetal. 2010; Kollmar2016)based
on sequence similarity. To this end, amultiple sequence alignment wasmade of putative
P. infestans kinesins and 1188 eukaryotic kinesin protein sequences (Wickstead et al. 2010)
usingMAFFT v7 (Katoh& Standley 2013) and resources available from the CIPRES Science
Gateway (Miller et al. 2010). Next, alignment positions that containedmore than 25%
gaps were trimmed using TrimAL (Capella-Gutierrez et al. 2009). A phylogenetic tree was
reconstructed using theWAG amino acid substitutionmodel with gammamodel of rate
heterogeneity, and bootstrapping (100 replicates) was performedwith rapid bootstrap
analyses on RAxML v8 (Stamatakis 2014). A similar approachwas used for DHC subunits,
were3540eukaryoticDHCsubunitsand19putativeP. infestansDHCsubunitswere included
in the tree. All DHC sequences were obtained fromCyMoBase (Odronitz & Kollmar 2006).
PutativeP. infestanskinesinsnot readily categorizedwereannotatedas 'ungrouped’. Protein
domains were predicted using InterProScan (Jones et al. 2014).
Strains, culture conditions and life stages
P. palmivora strain P6390 (McHau&Coffey 1994) was routinely grown on 10%V8medium
(10% V8 juice, 1 g/l CaCO3, 1.5% technical agar) containing 20 µg/ml vancomycin, 100
µg/ml ampicillin and 50 µg/ml amphotericin B at 25 °C under continuous light. For se-
lection of transgenic lines themediumwas supplemented with 25 µg/ml geneticin. To
induce sporulation, plates were sealedwith surgical tape (3MMicropore). For zoospore
release, 4 to 6 day old plates were floodedwith cold sterile tapwater (10ml per plate) and
incubated in the light for 20 to 40minutes. Zoospores were encysted by vigorous shaking
for 5minutes, subsequently 500 µl cyst suspensionwas pipetted in 35mmglass bottom
dishes (MatTek, Ashland, USA) and cysts were allowed to germinate for 2 hours before
microscopic imaging. For the oryzalin assay, cysts where supplementedwith desired con-
centrationoforyzalin (10mMinDMSOstock). MTorganizationwasobservedusingaRoper
(Evry, France) SpinningDisc Confocal SystemonaNikonEclipse Timicroscopeusinga 100×
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Plan apo oil immersion objective (NA 1.4) and a 491 nm laserline. Z-stacks were collected
with 0.5 µmZ-intervals. Images were analyzed using FIJI (https://imagej.net/Fiji).
Plasmid construction and transformations
To obtain N-terminally GFP-tagged constructs for expression in P. palmivora,α-tubulin
genes PiTubA2 (PITG_07960) and PiTubA5 (PITG_07999) were amplified from P. infestans
strainNL88069 genomic DNAusing primers PITG_07960_NotI_F, PITG_07960_AscI_R,
PITG_07999_NotI_F, and PITG_07999_AscI_R (Table S5). Next, the respective PCR ampli-
conswere cloned in pGFP-N (Ah-Fong& Judelson 2011) using the restriction sites NotI and
AscI, resulting in constructspGFP-07960andpGFP-07999 (FigureS1). Stable transformants
of P. palmivorawere generated using PEG/CaCl2-mediated protoplast transformation us-
ing amodified version of earlier describedmethods (vanWest et al. 1999). Germinating
sporangia (105/ml) were incubated on a large petri dish (ø 15 cm) containing 25ml 10%V8
broth for 18 h at 28°C in the dark. Mycelia werewashed inMQ to remove sporangia and
incubated in0.8Mmannitol for 10min to induceplasmolysis, and subsequently protoplas-
ted by incubation in protoplasting buffer [0.4Mmannitol, 20mMKCl, 20mMMESpH 5.7,
10mMCaCl2, 5mg/ml CELLULYSIN (Sigma-Aldrich) and 10mg/ml Lysing Enzymes from
Trichoderma harzianum (Sigma-Aldrich)] for 30-45minutes at room temperature in the
dark. After removing residualmycelial fragments by filtration (50 µmmesh), protoplasts
were pelleted by centrifugation (4minutes, 700 g). The protoplasts were resuspended in
MT buffer (1Mmannitol, 10mMTris-HCl pH 7.5) and after a second centrifugation step in
MTC buffer (MT + 25mMCaCl2), then dilutedwithMTC to 1•106 - 5•106 protoplasts perml.
700 µl of the protoplast suspensionwasmixedwith 30 µg circular plasmidDNA in 50 µl
MQ. After incubation for 10minutes at room temperature, 700 µl of freshly prepared PEG
solution (50%PEG-3350, 10mMTris-HCl pH 7.5, 25mMCaCl2, sterilized by filtration) was
slowly added to the DNA-protoplastmixture. Protoplasts were regenerated overnight at
28°C in 25ml rye sucrosemedium (Caten& Jinks 1968) containing 1Mmannitol, without
antibiotics. Regenerated protoplasts were pelleted by centrifugation (5minutes, 1000 g),
resuspended, and plated on selective plates containing 25 µg/ml geneticin. Plates were
incubated at 28°C in the dark. Colonies appearedwithin 4 days.
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4.7 Supplemental files
Phytophthora infestans
Phytophthora parasitica
Plasmopara halstedii
Phytophthora capsici
Hyaloperonospora arabidopsidis
Phytophthora ramorum
Peronosporales
Saprolegniales
Albuginales
Phytophthora sojae
Phytophthora cinnamomi
Phytopythium vexans
Pythium irregulare
Pythium iwayami
Pythium ultimum
Pythium arrhenomanes
Pythium aphanidermatum
Albugo laibachii
Albugo candida
Saprolegnia parasitica
Saprolegnia diclina
Aphanomyces astaci
Outgroups
Aphanomyces invadans
Figure S4.1 | Simplified phylogeny of oomycetes and related organisms based on the supertree as presented by
McCarthy and Fitzpatrick (2017).
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Hsp70 terminator
NTP_II marker
Hsp70 promoter
Ham34 terminator
PITG_07960
eGFP
Ham34 promoter
pGFP-07960
8,274 bp
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Hsp70 terminator
NTP_II marker
Hsp70 promoter
Ham34 terminator
PITG_07999
eGFP
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pGFP-07999
8,267 bp
Figure S4.2 |Constructs encodingN-terminally GFP-tagged P. infestansα-tubulins PITG_07960 (pGFP-07960) and
PITG_07999 (pGFP-07999).
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Figure S4.3 |Both GFP-PiTubA2 and GFP-PiTubA5 label the same population ofMTs. In all linesMTOCs, spindles, and
internuclearMTswere observed in all areas of the hyphae.
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FigureS4.4 |Radial growth rate ofP. palmivora recipient strain P6390 (6390) and twoGFP-tubulin strains (GFP-TubA2#1
and GFP-TubA5#1). The graph is representative for three independent growth rate assays that each included five
replicates per line. Error bars represent standard deviations.
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Table S4.1 |Details of oomycete a-tubulin genes
Gene ID Product description Organism Notes Length (aa)
evm.TU.AC2VRR_s00248g27 unspecified product Albugo candida 449
evm.TU.AC2VRR_s00248g139 unspecified product Albugo candida 453
ALNC14_062890 unspecified product Albugo laibachii 449
CCA24429 splicing factor putative Albugo laibachii corrected, truncated 436
H257_08698 tubulin alpha chain Aphanomyces astaci 453
H257_15887 tubulin alpha chain Aphanomyces astaci 453
H257_08697 tubulin alpha chain Aphanomyces astaci corrected 454
H310_12120 tubulin alpha chain Aphanomyces invadans truncated 362
H310_08859 tubulin alpha chain Aphanomyces invadans 453
HpaG803637 unspecified product Hyaloperonospora arabidopsidis 451
HpaG803651 unspecified product Hyaloperonospora arabidopsidis 452
PHYCA_511272 alpha tubulin 1 Phytophthora capsici 452
PHYCA_530856 tubulin alpha-2 chain-like Phytophthora capsici gap in genemodel 429
PHYCA_107024 tubulin alpha-4 chain-like Phytophthora capsici 452
PHYCA_511275 tubulin alpha-3 chain Phytophthora capsici truncated 410
PHYCA_575859 tubulin alpha-5 chain Phytophthora capsici 450
PHYCI_89449 Alpha tubulin Phytophthora cinnamomi 452
PHYCI_111102 unspecified product Phytophthora cinnamomi truncated 340
PHYCI_233998 unspecified product Phytophthora cinnamomi 453
PITG_07960 alpha-tubulin, putative Phytophthora infestans 453
PITG_07999 alpha-tubulin, putative Phytophthora infestans 453
PITG_07949 alpha-tubulin, putative Phytophthora infestans 454
PITG_07996 alpha-tubulin Phytophthora infestans 453
PITG_07961 cleavage induced tubulin alpha chain Phytophthora infestans corrected 453
PPTG_08465 tubulin alpha chain Phytophthora parasitica 452
PPTG_08466 tubulin alpha chain Phytophthora parasitica 452
PPTG_08498 tubulin alpha chain Phytophthora parasitica 453
PPTG_08506 tubulin alpha chain Phytophthora parasitica 453
PPTG_08453 tubulin alpha chain Phytophthora parasitica 454
PSURA_72478 Alpha tubulin Phytophthora ramorum truncated 322
PSURA_51050 Alpha tubulin Phytophthora ramorum 450
PSURA_72335 Alpha tubulin Phytophthora ramorum 450
PSURA_71889 Alpha tubulin Phytophthora ramorum 452
PSURA_71894 Alpha tubulin Phytophthora ramorum 453
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Table S4.1 |Details of oomycete a-tubulin genes
Gene ID Product description Organism Notes Length (aa)
PSURA_51154 unspecified product Phytophthora ramorum 446
PSURA_71890 unspecified product Phytophthora ramorum 452
PHYSODRAFT_338144 hypothetical protein Phytophthora sojae gap in genemodel 438
PHYSODRAFT_288901 hypothetical protein Phytophthora sojae 441
PHYSODRAFT_288898 hypothetical protein Phytophthora sojae 452
PHYSODRAFT_565438 hypothetical protein Phytophthora sojae 452
PHYSODRAFT_356026 hypothetical protein Phytophthora sojae 453
PHYSODRAFT_528260 hypothetical protein Phytophthora sojae 453
Phal02670 tubulin alpha chain Plasmopara halstedii corrected 296
Phal02671 tubulin alpha chain Plasmopara halstedii corrected 303
Phal08353 tubulin alpha chain Plasmopara halstedii 453
Phal13640 tubulin alpha chain Plasmopara halstedii corrected, truncated 136
PAG1_G000452 Alpha-tubulin Pythiumaphanidermatum 434
PAG1_G000713 Protein F44F4.11 Pythiumaphanidermatum truncated 83
PAR_G009305 Alpha-tubulin Pythiumarrhenomanes truncated 50
PIR_G008598 Alpha-tubulin Pythium irregulare corrected, truncated 413
PIW_G013767 Alpha-tubulin Pythium iwayamai truncated 41
PIW_G003138 Alpha-tubulin Pythium iwayamai truncated 56
PIW_G012562 Alpha-tubulin Pythium iwayamai truncated 153
PIW_G014282 Alpha-tubulin Pythium iwayamai truncated 178
PYU1_G011143 unspecified product Pythiumultimum 451
PYU1_G011167 unspecified product Pythiumultimum 452
PYU1_G011535 unspecified product Pythiumultimum 453
PVE_G008283 Alpha tubulin Pythium vexans gap in genemodel 426
PVE_G010441 Alpha-tubulin Pythium vexans truncated 73
PVE_G010138 Alpha-tubulin Pythium vexans truncated 140
PVE_G010242 Alpha-tubulin Pythium vexans truncated 150
PVE_G010239 Alpha-tubulin Pythium vexans gap in genemodel 334
SDRG_17410 tubulin alpha Saprolegnia diclina truncated 273
SDRG_02711 tubulin alpha Saprolegnia diclina truncated 299
SDRG_11427 tubulin alpha chain Saprolegnia diclina 449
SDRG_11949 tubulin alpha chain Saprolegnia diclina 451
SDRG_11948 tubulin alpha chain Saprolegnia diclina 453
SPRG_09506 hypothetical protein Saprolegnia parasitica truncated 186
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Table S4.1 |Details of oomycete a-tubulin genes
Gene ID Product description Organism Notes Length (aa)
SPRG_07894 tubulin alpha-1 chain Saprolegnia parasitica 450
SPRG_04481 tubulin alpha chain Saprolegnia parasitica 451
SPRG_04482 tubulin alpha chain Saprolegnia parasitica 453
SPRG_09503 tubulin alpha chain Saprolegnia parasitica 453
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Table S4.2 |Details of oomyceteβ-tubulin genes
Gene ID Product description Species Notes Length (aa)
evm.TU.AC2VRR_s00054g80 unspecified product Albugo candida 446
CCA17899 Tubulin beta chain putative Albugo laibachii Fragment 381
H257_01711 tubulin beta chain Aphanomyces astaci 446
H310_03943 tubulin beta chain Aphanomyces invadans 446
HpaP814031 Beta-tubulin Hyaloperonospora arabidopsidis 446
PHYCA_576734 beta-tubulin Phytophthora capsici 446
PHYCI_418545 unspecified product Phytophthora cinnamomi 446
PITG_00156 beta-tubulin Phytophthora infestans 446
PPTG_15113 tubulin beta chain Phytophthora parasitica 446
PSURA_72114 Beta tubulin Phytophthora ramorum 446
PHYSODRAFT_507388 hypothetical protein Phytophthora sojae 446
Phal03888 beta- partial Plasmopara halstedii Corrected 447
PAG1_G000598 Beta-tubulin Pythiumaphanidermatum 446
PAR_G000681 Beta-tubulin Pythiumarrhenomanes 446
PIR_G007881 Beta-tubulin Pythium irregulare 446
PIW_G014483 Beta-tubulin Pythium iwayamai Fragment 127
PIW_G007163 Beta-tubulin Pythium iwayamai Fragment, corrected 133
PIW_G006543 Beta-tubulin Pythium iwayamai Fragment, corrected 154
PUG3_G000817 Beta-tubulin Pythiumultimum 446
PVE_G004943 Beta-tubulin Pythium vexans 446
SDRG_08123 tubulin beta chain Saprolegnia diclina 446
SPRG_09415 tubulin beta chain Saprolegnia parasitica 446
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Table S4.3 |Details of microtubule-associated proteins (MAPs) in P. infestans. All MAPs are clustered according to
predicted function and/or subcellular localization (grey rows). Expression profiles are based on RNAseq data of P.
infestans strain 88069 (C. Schoina et al., unpublished data).
Family Subfamily Proposedname Gene ID Product description Expression profile Notes
Tubulin subunits
Alpha tubulin PiTubA1 PITG_07949 alpha-tubulin, putative up in zsp
PiTubA2 PITG_07960 alpha-tubulin, putative down in spor
PiTubA3 PITG_07961 cleavage induced tubulin alpha chain up in zsp
PiTubA4 PITG_07996 alpha-tubulin up in spor
PiTubA5 PITG_07999 alpha-tubulin, putative up in spor
Beta tubulin PiTubB1 PITG_00156 beta-tubulin up in spor
Microtubule organizing
centers&nucleation factors
Gamma tubulin PiTubG1 PITG_14807 tubulin gamma chain up inmyc
PiTubG2 PITG_01154 gamma-tubulin complex component down in spor
PiTubG3 PITG_11106 gamma-tubulin complex component down in spor
PiTubG4 PITG_00634 gamma-tubulin complex component down in spor/zsp
PiTubG5 PITG_18463 hypothetical protein down in spor
PiTubG6 PITG_14022 conserved hypothetical protein down in spor
TPX2 PiTPX2 PITG_08093 conserved hypothetical protein down in spor
Other filaments
FtsZ/cryptic
tubulin PiFtsZ1 PITG_18788 tubulin/FtsZ family up inmyc
PiFtsZ2 PITG_19212 tubulin/FtsZ family protein down in spor
PiFtsZ3 PITG_00509 Delta tubulin, putative up inmyc
striated
MT-associated fibers PiSFA1 PITG_01027 SF-assemblin, putative up in zsp
MT+endbinding proteins
EB1 PiEB1 PITG_14584 microtubule-associated protein EB1 up inmyc
CLASP PiCLASP PITG_05233 CLIP-associating protein, putative down in spor
MOR1/MAP215 PiMOR1 PITG_14441 cytoskeleton-associated protein, putative up in gc
Katanin PiKatp60-1 PITG_12195 katanin p60 ATPase-containing subunit up inmyc
PiKatp60-2 PITG_21068 katanin p60 ATPase-containing subunit A up in spor
PiKatp60-3 PITG_23128 katanin p80 subunit down in spor
PiKatp80 PITG_06132 katanin p60 ATPase-containing subunit up in zsp
Motor proteins
Kinesin KIF 1 PiKIF1A PITG_00204 kinesin heavy chain, putative down in spor ZZ-type Zinc finger
KIF 1 PiKIF1B PITG_06859 kinesin-like protein up in spor
KIF 1 PiKIF1C PITG_10881 kinesin-like protein up inmyc
KIF 2 PiKIF2A PITG_00111 kinesin-like protein down in zsp
KIF 2 PiKIF2B PITG_03858 kinesin-like protein down in spor
KIF 2 PiKIF2C PITG_08423 kinesin-like protein up in zsp
KIF 2 PiKIF2D PITG_08458 kinesin-like protein up in spor
KIF 2 PiKIF2E PITG_12987 kinesin-like protein up in gc
KIF 3 PiKIF3A PITG_02343 kinesin-like protein down in zsp
KIF 3 PiKIF3B PITG_02538 conserved hypothetical protein up in zsp
KIF 3 PiKIF3C PITG_12262 kinesin-like protein up in zsp
KIF 3 PiKIF3D PITG_12263 kinesin-like protein up in zsp
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Table S4.3 |Details of microtubule-associated proteins (MAPs) in P. infestans. All MAPs are clustered according to
predicted function and/or subcellular localization (grey rows). Expression profiles are based on RNAseq data of P.
infestans strain 88069 (C. Schoina et al., unpublished data).
Family Subfamily Proposedname Gene ID Product description Expression profile Notes
KIF 4/10 PiKIF4/10A PITG_00152 kinesin-like protein down in spor/zsp
KIF 4/10 PiKIF4/10B PITG_03064 kinesin-like protein down in zsp
KIF 4/10 PiKIF4/10C PITG_20348 kinesin-like protein up in gc
KIF 4/10 PiKIF4/10D PITG_20349 kinesin-like protein down in spor
KIF 5 PiKIF5 PITG_00226 kinesin-like protein down in spor MFS domain
KIF 6 PiKIF6A PITG_19553 conserved hypothetical protein down in spor
KIF 6 PiKIF6B PITG_20287 kinesin-like protein up in gc Transmembrane domains
KIF 7 PiKIF7A PITG_07125 kinesin-like protein down in spor Transmembrane domains
KIF 7 PiKIF7B PITG_10520 kinesin-like protein up in gc
KIF 7 PiKIF7C PITG_18579 kinesin-like protein up in gc
KIF 8 PiKIF8 PITG_00860 kinesin-like protein down in spor/zsp
KIF 9 PiKIF9A PITG_08424 kinesin-like protein up in spor
KIF 9 PiKIF9B PITG_13923 kinesin-like protein up in zsp
KIF 9 PiKIF9C PITG_14188 kinesin-like protein KIF6 up in spor
KIF 9 PiKIF9D PITG_15530 kinesin-like protein KIF9 up in zsp
KIF 9 PiKIF9E PITG_21476 conserved hypothetical protein
KIF 13 PiKIF13A PITG_03756 kinesin-like protein up inmyc
KIF 13 PiKIF13B PITG_06856 kinesin-like protein up inmyc
KIF 13 PiKIF13C PITG_15042 sporangia-induced kinesin-like protein up in zsp
KIF 13 PiKIF13D PITG_16513 conserved hypothetical protein up in spor
KIF 14 PiKIF14A PITG_00188 kinesin-like protein down in spor
KIF 14 PiKIF14B PITG_00620 kinesin-like protein up in zsp
KIF 14 PiKIF14C PITG_00666 kinesin-like protein up in zsp
KIF 14 PiKIF14D PITG_03872 kinesin-like protein down in spor
KIF 14 PiKIF14E PITG_08046 kinesin-like protein up in spor
KIF 14 PiKIF14F PITG_09344 kinesin-like protein up in zsp
KIF 14 PiKIF14G PITG_10514 kinesin-like protein up inmyc
KIF 14 PiKIF14H PITG_18624 kinesin-like protein up in gc
KIF 14 PiKIF14I PITG_19351 kinesin-like protein up in gc
KIF 15 PiKIF15A PITG_00078 kinesin-like protein up in gc
KIF 15 PiKIF15B PITG_10859 kinesin-like protein down in spor
KIF 16 PiKIF16A PITG_03657 kinesin-like protein up in zsp
KIF 16 PiKIF16C PITG_19554 kinesin-like protein
KIF 16 PiKIF16D PITG_20283 kinesin-like protein down in zsp
KIF 17 PiKIF17 PITG_02421 kinesin-like protein up in spor
KIF 19 PiKIF19 PITG_08916 kinesin-like protein up in spor
KIF 20 PiKIF20A PITG_01850 kinesin-like protein down in spor
KIF 20 PiKIF20B PITG_03701 kinesin-like protein up inmyc
KIF 20 PiKIF20C PITG_04888 kinesin-like protein down in spor
KIF 20 PiKIF20D PITG_06666 kinesin-like protein up in zsp
KIF X5 PiKIFX5A PITG_10474 hypothetical protein up in zsp
KIF X5 PiKIFX5B PITG_10475 kinesin-like protein up in zsp
KIF X8 PiKIFX8 PITG_05224 conserved hypothetical protein up in gc
KIF X11 PiKIFX11 PITG_12579 kinesin-like protein down in spor/zsp
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Table S4.3 |Details of microtubule-associated proteins (MAPs) in P. infestans. All MAPs are clustered according to
predicted function and/or subcellular localization (grey rows). Expression profiles are based on RNAseq data of P.
infestans strain 88069 (C. Schoina et al., unpublished data).
Family Subfamily Proposedname Gene ID Product description Expression profile Notes
orphan PiKIForph1 PITG_11652 conserved hypothetical protein up in gc Oomcyete specific
orphan PiKIForph2 PITG_03859 conserved hypothetical protein up in zsp Chromalveolate/Excavate specific
Dynein Light chain PiDLC1 PITG_04721 Dynein light chain/pantothenate kinase up in spor
Light chain PiDLC2 PITG_09030 dynein light chain, putative up in spor
Light chain PiDLC3 PITG_16973 dynein light chain up in spor
Light chain PiDLC4 PITG_04706 unspecified product
Light chain PiDLC5 PITG_05682 Putative uncharacterized protein up in spor Truncated genemodel
Light chain, Tctex-1 PiTcTex-1-1 PITG_02342 conserved hypothetical protein up in spor
Light chain, Tctex-1 PiTcTex-1-2 PITG_02108 dynein light chain-like protein up in spor
Light chain, Tctex-1 PiTcTex-1-3 PITG_09704 dynein light chain Tctex-type down in zsp
Light chain, Tctex-1 PiTcTex-1-4 PITG_05518 hypothetical protein down in zsp
Light chain, Tctex-1 PiTcTex-1-5 PITG_07793 Outer Dynein Arm Light Chain 2 up in spor
Light chain, roadblock/LC7 PiLC7-1 PITG_08352 conserved hypothetical protein up in spor
Light chain, roadblock/LC7 PiLC7-2 PITG_16429 conserved hypothetical protein up in spor
Light chain, roadblock/LC7 PiLC7-3 PITG_18659 conserved hypothetical protein up in spor
Light chain, roadblock/LC7 PiLC7-4 PITG_09567 conserved hypothetical protein up in spor
Light chain, roadblock/LC7 PiLC7-5 PITG_12754 Dynein light chain 2B up in spor
Intermediate chain PiDIC1 PITG_01997 Dynein 1 light intermediate chain up inmyc
Intermediate chain PiDIC2 PITG_16492 conserved hypothetical protein up inmyc
Intermediate chain PiDIC3 PITG_22517 dynein heavy chain up in zsp
Intermediate chain PiDIC4 PITG_19149 Putative uncharacterized protein down in spor
Heavy chain - DHC1 PiDHC1 PITG_02526 dynein heavy chain up inmyc
Heavy chain - DHC2 PiDHC2 PITG_13968 dynein heavy chain up in gc
Heavy chain - DHC3 PiDHC3A PITG_15967 dynein heavy chain, outer arm up inmyc
Heavy chain - DHC3 PiDHC3B PITG_05922 dynein heavy chain down in zsp
Heavy chain - DHC4 PiDHC4A PITG_03423 dynein heavy chain up in spor
Heavy chain - DHC4 PiDHC4B PITG_12577 sporangia induced dynein heavy chain down in spor
Heavy chain - DHC4 PiDHC4C PITG_01852 dynein heavy chain up inmyc
Heavy chain - DHC4 PiDHC4D PITG_15625 dynein heavy chain down in spor/zsp
Heavy chain - DHC5 PiDHC5 PITG_01717 dynein heavy chain up inmyc
Heavy chain - DHC7 PiDHC6 PITG_03180 dynein heavy chain up inmyc
Heavy chain - DHC7 PiDHC7A PITG_11437 axonemal dynein heavy chain up in gc
Heavy chain - DHC7 PiDHC7B PITG_03488 dynein heavy chain up in zsp
Heavy chain - DHC8 PiDHC8A PITG_03018 sporangia induced dynein heavy chain down in spor
Heavy chain - DHC8 PiDHC8B PITG_01088 sporangia induced dynein heavy chain down in spor
Heavy chain - DHC9 PiDHC9A PITG_01326 dynein heavy chain up inmyc
Heavy chain - DHC9 PiDHC9B PITG_08295 dynein heavy chain down in spor
Heavy chain - DHC9 PiDHC9C PITG_00998 dynein heavy chain up inmyc
Heavy chain - DHC14 PiDHC14 PITG_03444 dynein heavy chain up in zsp Oomycete-specific
Heavy chain - DHC15 PiDHC15 PITG_08507 Dynein heavy chain-like protein up inmyc Oomycete-specific, corrected
Heavy chain - DHC16 PiDHC16 PITG_17408 dynein heavy chain up inmyc Oomycete-specific
Dynein regulatory complex protein PITG_17342 Sporangia InducedDyneinRegulatory Complex Protein up in spor
PITG_04697 Putative uncharacterized protein up in zsp
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Table S4.3 |Details of microtubule-associated proteins (MAPs) in P. infestans. All MAPs are clustered according to
predicted function and/or subcellular localization (grey rows). Expression profiles are based on RNAseq data of P.
infestans strain 88069 (C. Schoina et al., unpublished data).
Family Subfamily Proposedname Gene ID Product description Expression profile Notes
Protein kinases
MT-related protein kinases PITG_19450 Cell division protein kinase 2 up inmyc
PITG_18073 Cell division protein kinase down in spor
PITG_19459 Protein kinase down in spor
PITG_11253 Serine/threonine protein kinase up in spor
PITG_05364 Putative uncharacterized protein up in gc
Aurora kinase PiAur-1 PITG_16977 Aurora-like protein kinase down in spor
PiAur-2 PITG_05483 Protein kinase, putative down in spor
PiAur-3 PITG_19456 Protein kinase, putative down in spor
PiAur-4 PITG_00115 Protein kinase, putative down in spor
Tubulin assembly
Chaperones PiChap1 PITG_14614 Tubulin-specific chaperone C, putative down in spor/zsp
PiChap2 PITG_16797 Tubulin-specific chaperoneD, putative up inmyc
PiChap3 PITG_16735 Putative uncharacterized protein up in spor
Polyglutamylases PiPGS1 PITG_02721 tubulin polyglutamylase, putative up in zsp
PiPGS2 PITG_03077 tubulin polyglutamylase, putative up in zsp
Tyrosine ligase PiTTL1 PITG_08756 tubulin-tyrosine ligase family up in spor
Interflagellar transport proteins
PiIFT20 PITG_06949 Intraflagellar Transport Protein 20 up in spor
PiIFT22 PITG_09137 Putative uncharacterized protein up in spor
PiIFT25 PITG_04711 Putative uncharacterized protein up in spor
PiIFT27 PITG_20749 Putative uncharacterized protein up in spor
PiIFT43 PITG_11983 Putative uncharacterized protein up in spor
PiIFT46 PITG_14226 Putative uncharacterized protein up in spor
PiIFT52 PITG_20745 Intraflagellar Transport Protein 52 down in zsp
PiIFT57 PITG_16112 Intraflagellar Transport Protein 57 up in spor
PiIFT72/74 PITG_11472 Intraflagellar Transport Protein 72/74 up in spor
PiIFT80 PITG_18714 Intraflagellar Transport protein 80 up in spor
PiIFT81 PITG_06106 Intraflagellar Transport Protein 81 down in zsp
PiIFT88 PITG_10094 Intraflagellar Transport Protein 88 up in gc
PiIFT121 PITG_13766 WD repeat protein 35 up in spor
PiIFT122 PITG_10664 Intraflagellar Transport Protein 122 up in zsp
PiIFT139 PITG_10096 Putative uncharacterized protein up in gc
PiIFT140 PITG_03309 Intraflagellar Transport Protein 140 up in spor
PiIFT144 PITG_18065 Putative uncharacterized protein up in spor
PiIFT172 PITG_20212 Intraflagellar transport protein 172 up in spor
Kinetochore
PITG_00651 centromere/kinetochore protein, putative up inmyc
PITG_03918 conserved hypothetical protein up in gc
PITG_05311 kinetochore proteinNUF2-like protein down in spor/zsp
PITG_05567 Kinetochore proteinNDC80 up in gc
PITG_06914 conserved hypothetical protein up in gc
PITG_17081 Voltage-gated Ion Channel (VIC) Superfamily up inmyc
PITG_15240 Putative uncharacterized protein up in gc
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Table S4.3 |Details of microtubule-associated proteins (MAPs) in P. infestans. All MAPs are clustered according to
predicted function and/or subcellular localization (grey rows). Expression profiles are based on RNAseq data of P.
infestans strain 88069 (C. Schoina et al., unpublished data).
Family Subfamily Proposedname Gene ID Product description Expression profile Notes
PITG_09827 Mitotic checkpoint protein, putative down in spor/zsp
PITG_10233 Putative uncharacterized protein up in gc
PITG_01293 Putative uncharacterized protein down in spor
Centromere
PITG_06277 conserved hypothetical protein up in gc
PITG_09614 conserved hypothetical protein up in gc
PITG_11136 conserved hypothetical protein down in zsp
PITG_12723 conserved hypothetical protein up in spor
PITG_12840 conserved hypothetical protein up inmyc
PITG_12841 conserved hypothetical protein up in zsp
PITG_15175 conserved hypothetical protein up inmyc
PITG_17861 conserved hypothetical protein up in spor
PITG_14021 Putative uncharacterized protein up in spor
OtherMT-associated proteins
MAP65 PITG_01921 conserved hypothetical protein down in spor
RIB43a PITG_02163 RIB43a flagellar protofilament ribbon protein up in spor
TRAF3IP PITG_19387 TRAF3-interacting protein, putative up inmyc
PITG_10084 Putative uncharacterized protein up in spor
PITG_12594 TRAF3-interacting protein, putative down in spor/zsp
WD-repeat PITG_11403 WDdomain-containing protein up inmyc
PITG_00797 WDdomain-containing protein down in zsp
PITG_13618 WD repeat protein pop3 down in spor/zsp
Dynamin PITG_11454 Dynamin up in spor
PITG_00183 Dynamin-2 down in spor
PITG_08837 Interferon-induced GTP-binding proteinMx up in zsp
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Table S4.4 |Details of augmin subunit encoding genes in oomycetes.
Gene ID Product description Organism Length (aa)
ALNC14_022390 unspecified product Albugo laibachii 285
H257_11484 hypothetical protein Aphanomyces astaci 315
H310_06484 hypothetical protein Aphanomices invadans 303
PAG1_G011123 hypothetical protein Pythiumaphanidermatum 173
PIR_G010251 unspecified product Pythium irregulare 309
PIW_G008869 unspecified product Pythium iwayamai 120
PVE_G008681 unspecified product Pythium vexans 273
PYU1_G003699 unspecified product Pythiumultimum 120
SDRG_08716 hypothetical protein Saprolegnia diclina 293
SPRG_19876 hypothetical protein Saprolegnia parasitica 293
Table S4.5 |Primers used in this study
Name Target gene Sequence (5’ - 3’)
PITG_07960_NotI_F PITG_07960 (P. infestans) GTGCGGCCGCAGGCGCGCCTCGTGAAATTCTCTCCATTCACCTCGGC
PITG_07960_AscI_R PITG_07960 (P. infestans) ACGATGGCGCGCCCAGCACGCAAAATGCTTAGTACTCCTC
PITG_07999_NotI_F PITG_07999 (P. infestans) GTGCGGCCGCAGGCGCGCCTCGTGAGGTCATCTCCATCCACC
PITG_07999_AscI_R PITG_07999 (P. infestans) ACGATGGCGCGCCGAGTCTGCCTAGTACTCCTCGC
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List of abbreviations
CRISPR clustered regularly interspaced short palindromic repeats
Cas9 CRISPR-associated protein 9
DSB double-strand break
gRNA guide RNA
HDR homology-directed repair
IVT in vitro transcription
KO Knock-out
NHEJ non-homologous end-joining
NLS nuclear localization sequence
PAM protospacer adjacentmotif
RNP ribonucleoprotein
ssODN single-stranded oligodeoxynucleotide
T7EI T7 endonuclease I
5.1 Abstract
Few techniques have revolutionized themolecular biology field asmuch as genome edit-
ing using CRISPR/Cas9. Recently, a CRISPR/Cas9 systemhas been developed for Phytoph-
thora sojae, and since then it has been employed in two other Phytophthora spp. Here, we
report our progress on efforts to establish the system in Phytophthora infestans. Using
the original constructs as developed for P. sojae, we did not obtain any transformants dis-
playing amutagenized target gene. Wemade severalmodifications to the CRISPR/Cas9
system to pinpoint the reason for failure and also explored the delivery of pre-assembled
ribonucleoprotein complexes.
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5.2 Introduction
The oomycete Phytophthora infestans, the causal agent of potato and tomato late blight,
is an economically important plant pathogen that is difficult to control (Kamoun et al.
2015). Current efforts to identify and functionally analyze genes important for virulence,
are hampered by a limitedmolecular toolbox. Gene knock-outs (KOs) or gene deletions
are not possible via homologous recombination, as transgenes are integrated randomly
via non-homologous end-joining (NHEJ) (Judelson 1997; Fang& Tyler 2016). Moreover,
P. infestans is diploid and heterothallic. Generating sexual progeny is quite challenging
and as a result studies based on genetic analyses are scarce (Govers & Gijzen 2006; Fry
2008). Consequently, to date, functional gene studies in oomycetes primarily rely on gene
silencing and overexpression. DNA transformation of the target gene in P. infestans can
lead to homology dependent gene silencing or overexpression (van West et al. 1999).
By fusing a fluorescent tag to the target gene, the overexpression transformants can
also be exploited for investigating the subcellular localization of the encoded protein.
However, due to the random integration of transgenes and varying levels of silencing and
overexpression efficiency, phenotypes often vary between transformed lines, experiments,
and labs (Fang& Tyler 2016).
Recently, a CRISPR/Cas9 genome editing system has been developed for Phytophthora
sojae (Fang& Tyler 2016). This provides an important addition to themolecular toolbox
for oomycetes, and makes it up to par with other research areas. For genome editing
based on CRISPR/Cas systems, a nuclease, e.g. Cas9, is targeted to the desired DNA se-
quence by a so-called synthetic guide RNA (gRNA). The 20-nucleotide protospacer directs
Cas9 to a specific target DNA site, whichmust be immediately 5’ of a protospacer adja-
centmotif (PAM) sequence (Ran et al. 2013). When Cas9 is directed to the target site a
double-stranded break (DSB) is induced, which can be repaired either by theNHEJ repair
mechanism, or via homology-directed repair (HDR) in case a repair template is available
(Ran et al. 2013). Because of its low fidelity, NHEJ often leads to insertions or deletions
(indels) in the repaired target gene, which can lead to frame shiftmutations. HDR, on the
otherhand, canbeexploited to introduce specificmodifications suchasbase substitutions,
insertions, or gene deletions.
So far, the P. sojae CRISPR/Cas9 systemhas been successfully used tomutagenize several
genes inP. sojae (Fang&Tyler 2016;Maet al. 2017),Phytophthora capsici (B.M.Tyler, personal
communication), and Phytophthora palmivora (Gumtow et al. 2017). However, as of to date,
no one has reported successful implementation of the system in P. infestans. Here, we
present a case study for the effectuation of CRISPR/Cas9 for targeted genome editing in
P. infestans. We chose to target three genes in P. infestans for a proof-of-principle study of
CRISPR/Cas9-based genome editing in this organism.
The first target,Avr1, encodes anRXLR effector protein recognized by the cognate receptor
protein R1 in potato. Recognition of AVR1 by R1 provides resistance to potato, while P.
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infestans strains lacking Avr1 are virulent on potato cultivars harboring resistance gene
R1. Moreover, R1 fails to recognize severalmutated forms of AVR1 (Du et al. 2018). Hence,
P. infestans Avr1 KO lines are expected to gain virulence on R1 potato, providing a clear
phenotype compared to non-edited lines. The second target, PiTubA2, is one of the fiveα-
tubulin encoding genes in P. infestans (Chapter 4). Our aimwas tomodify the endogenous
PiTub2A gene in such a way that it encodes a fusion protein that has a GFP tag fused to
theN-terminus of PiTUBA2. We therefore designed aHDR construct for gene knock-in at
the endogenous PiTubA2 locus. A PiTubA2-GFP knock-in linewould be ideal for live cell
imaging of themicrotubule cytoskeleton in P. infestans, as it lacks possible non-desirable
side effects associatedwith overexpression and/or ectopic integration of the transgene.
The third target,PiAP5, encodesanasparticprotease (AP)withanC-terminalGPCRdomain
(Kay et al. 2011), a protein which is unique for oomycetes (Van denHoogen et al. 2018)
(Chapter 2). To study to what extent the GPCR domain is important for functioning of the
APdomain,we aimedat targetingCas9 to the central regionof the gene that separates the
parts encoding the AP domain and theGPCRdomain. An indel in this region should result
in a truncated protein, which contains theN-terminal AP domain but lacks the C-terminal
GPCR domain.
In the initial setup of our experiments, we used the CRISPR/Cas9 system as developed
by Fang and Tyler (2016). In this system, the expression of Cas9 is driven by the strong
constitutive Bremia lactucaeHam34 promoter and the expression of the gRNAby the P.
sojae RPL41 promoter. The RPL41 promoter was chosen because the U6 small nuclear RNA
promoters typically used in CRISPR/Cas9 systems, did not yield any detectable transcript
(Fang et al. 2017). To ensure correct release of the gRNA from the transcript, the gRNA
sequencewas flankedwith a hammerhead and a hepatitis delta virus (HDV) ribozyme at
the 5’ and 3’ side, respectively (Fang et al. 2017).
This chapter summarizes an extensive experimental effort pursuing the application of a
CRISPR/ Cas9 system for targetedmutagenesis in P. infestans and concludes with sugges-
tions for future directions.
5.3 Results anddiscussion
Experimental setup: design of gRNAs
The first, and perhapsmost critical step of setting up a CRISPR/Cas9 experiment, is the
design of the gRNAs. The genes of interest were screened for target sites usingNGG as the
PAM. All gRNAswere scored for on-target activity according toDoench et al. (Doench et al.
2014) and for off-targets interactions according toHsu et al. (Hsu et al. 2013). The top 10
best scoring protospacers weremanually curated using BLAST analysis on the P. infestans
reference genome and predictions of the secondary RNA structure of the corresponding
gRNAs. For Avr1, we selected the three best scoring gRNAs (Figure 5.1a), i.e. no predicted
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off-target interactions and no strong secondary RNA structure. For PiTubA2 and PiAP5we
selected the highest scoring gRNA (Figure 5.1b, 5.1c).
5’-···TCGAAATTGCCGTCGTTTATCGAGTCCTTCGTTAAAAACCGAAAAATCGAGTCTTGGATTCAGAACAAAGTTACT···-3’
3’-···AGCTTTAACGGCAGCAAATAGCTCAGGAAGCAATTTTTGGCTTTTTAGCTCAGAACCTAAGTCTTGTTTCAATGA···-5’
PAM gRNA3 PAM gRNA2
PiAvr1
5’-···AGGATCACCTGAGGAATTGATGGCCAAAGCAATGATATTGAGGACTTTGGGCAGAGATGTTCTAG···-3’
3’-···TCCTAGTGGACTCCTTAACTACCGGTTTCGTTACTATAACTCCTGAAACCCGTCTCTACAAGATC···-5’
PAMgRNA1a
Avr1
Insert Right arm (1000 bp)Left arm (1000 bp)
Hygromycin
Repair 
template
PiAP5
ssODN
PAMgRNA183
5’-···CAAATGGGCTTC···GATAAGACGGTGAACAGCAACGGCAACGACCTG···TACGACATGGACACC···-3’
3’-···GTTTACCCGAAG···CTATTCTGCCACTTGTCGTTGCCGTTGCTGGAC···ATGCTGTACCTGTGG···-5’
5’-CAAATGGGCTTC···GATAAGACGGTGAACAGCTAGATAGATAGAACGGCAACGACCTG···TACGACATGGACACC-3’
c
Insert Right arm (75 nt)Left arm (75 nt)
Insert Right arm (1000 bp)Left arm (875 bp)
PITG_07960
eGFP
5’-···CTCGGAACCACCAAGTTCTCAAGCCTAAGCTTAAAGCAACATGCGTGAAATTCTCTCCATTCACC···-3’
3’-···GAGCCTTGGTGGTTCAAGAGTTCGGATTCGAATTTCGTTGTACGCACTTTAAGAGAGGTAAGTGG···-5’
PAM gRNA8
PiTubA2
Repair 
template
b
Figure 5.1 | CRISPR loci and HDR constructs for (a) PiAvr1, (b) PiTubA1, and (c) PiAP5. Orange arrowheads indicate
expectedDSBsitesuponCas9nucleaseactivity; blackarrows indicate start codons (ATG);greyblocksmarkhomologous
regions between the genes and theHDR constructs (referred to as repair template or ssODN); interpuncts (•) represent
cropped sequences; PAM: Protospacer AdjacentMotif.
HDRconstructs
To employ theHDR repair pathway for targetedmutagenesis, we used a similar approach
as previously used in P. sojae. This implies cotransformations of three plasmids, i.e., two
plasmidswith sequences encoding Cas9 and gRNA, respectively, and the third one con-
taining theHDR repair template (Fang& Tyler 2016).
For Avr1we designed a construct to replace the coding regionwithHygB, a hygromycin-B
resistance gene (Figure 5.1a). The inserts were flanked by a 1 kb right flanking arm and a
875 bp left flanking arm that are complementary to the target site for recombination. The
reason for the shorter left flanking arm is a 3˜80 bp region in the genome assembly, that is
not accessible for sequencing. We opted to use the largest possible flanking region, i.e.
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875 bp (Figure 5.1a). For PiTubA2we designed a construct to knock-in GFP just before the
start codon of the open reading frame (Figure 5.1b). The repair template was designed as
such that the PAMwould be disrupted uponHDR repair.
For a number of organisms, higher efficiency of HDR repair has been reportedwhenmak-
ing use of single-stranded oligodeoxynucleotides (ssODN) as repair template, instead of
plasmidDNA (Chen et al. 2011). We designed a ssODN repair template forAP5, compris-
ing an 11 bp insert flanked by two 75 nt homology arms. The insert is designed in such
away that there is a stop codon (TAG) in each of the three open reading frames (Figure
5.1c). Further, the ssODN and gRNAwere designed as such, that introduction of the 11 bp
construct would disrupt the protospacer and consequently withhold Cas9 from further
processing the target site. The expected protein product from the truncated gene contains
the AP domain but lacks the GPCR domain.
Testing the detection limit
Wenext examined the sensitivity of our screeningmethods. To do so, we simulated the sit-
uation that anunknown fractionof transformants contains aCas9-inducedmutation. This
is expected to be the case in a sample frompooled transformants after transformation;
screening these formutations can give an idea about the efficiency of targetedmutagen-
esis. First, we constructed an Avr1 amplicon (∆Avr1) containing the 29 bp deletion that
is expected after Cas9 cleavage at sites gRNA2 and gRNA3 (Figure S5.1a). Next, varying
molar ratios ofAvr1 and∆Avr1 amplicons were annealed and incubatedwith T7 endonu-
clease I (T7EI), which is an enzyme that specifically digestsmispairedDNA.We found that
the detection limit is just over amolar ratio of 95:5 (i.e. 5%mutated amplicons) (Figure
S5.1b).
In parallel, PCR amplicons were sequenced. When sequencing an amplicon that is ob-
tained from a PCR on a pool of transformants of which a certain fraction underwent
CRISPR-inducedmutagenesis, the resulting sequence chromatogramwill contain a cer-
tain amount of ‘noise’, or background signals. These aberrant chromatogrampeaks reflect
the approximate frequency of ampliconswith an indel, which can be estimatedwith an
analysis tool such as TIDE (Brinkman et al. 2014). TIDE quantifies the editing efficacy by
calculating the statistical probability of finding background signals in the chromatogram
of a sample compared to finding them in a reference sequence chromatogram. A range
ofmolar ratios ofAvr1:∆Avr1 was sequenced, and by using T30-2Avr1 as a reference, we
analyzed the sequence chromatograms for mismatches. We found the lowest statisti-
cally significant detection at amolar ratio of 998:2 (i.e. 0.2% of the sequences having the
deletion) (Figure S5.1c).
These detection limits are well below the observed frequencies of CRISPR-inducedmuta-
tions in P. sojae, where up to 80%of the analyzed transformants have undergoneNHEJ (Y.F.
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Fang, personal communication). Assuming that the CRISPR/Cas9 system is functional in
P. infestans, our detection assays are sufficiently sensitive to reveal inducedmutations. It
should be noted however, that in the simulations described above only a singlemutation
(i.e. a 29 bp deletion) was present. In an actual sample of pooled transformed P. infestans
protoplasts, amix of differently sized indels is expected and the detection limit will be
higher. Nonetheless, we assume that our detection assays are sufficiently sensitive to
detect CRISPR-inducedmutations in pooled P. infestans transformed protoplasts.
In vitro activity assay
To examine the functionality of the designed gRNAs, we performed an in vitro cleavage
assay of target DNA. This assay can give an indication of the in vivo efficacy of the gRNA for
Cas9 activity. We used purified Cas9 protein and in vitro transcribed gRNA in equimolar
amounts, in combinationwith a PCR product as target DNA.We observed Cas9 activity
onAvr1 using gRNA1 and gRNA3 (Figure 5.2a). In contrast, gRNA2 failed to direct Cas9
to the target site (Figure 5.2a). Examination of the sequence revealed amistake in the
design of the initial construct. When corrected gRNA2 also showed activity (not shown).
We did not observe Cas9 activity on PiTubA2using gRNA8, nor on PiAP5 using gRNA183
(Figure 5.2b). In contrast to the initial gRNA2 on Avr1, we could not detect mistakes in
the design of these two gRNAs. Consequently, judging from their inability to guide Cas9
in vitro, it is likely that also the in vivo efficacies of gRNA8 and gRNA183 are limited. Other
gRNAs for these target genesmay have an increased activity, but due to time constraints
we have not been able to test alternative gRNAs for PiTubA2 and PiAP5.
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Figure 5.2 | In vivo cleavage assay. a) gRNAs 1, 2, and 3with Avr1 as target DNA. b) gRNA8with PiTubA2 as target DNA
(right) and gRNA183with PiAP5 as target DNA (left).
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In vivoCRISPR/Cas9 inP. infestans
Next, we set out to test the in vivoediting efficacy of the system. To this end,we first cloned
the respective gRNAs into the expression plasmid pYF2.3-gRNA (Fang& Tyler 2016). We
performed several transformations of P. infestanswith plasmids pYF2.2-Cas9 and pYF2.3-
gRNAandobtainednumerous transformants resistant to theselectionantibioticgeneticin.
In these transformants, thepresence of indels as a result of thepresumedCas9 activitywas
monitored by T7EI digestion and sequencing analysis. However, contrary to expectations
set by thepositive results of theuseof CRISPR/Cas9 inP. sojae,P. capsici, andP. palmivora, the
analyses did not reveal any lines inwhich the target genewasmutagenized. In some cases,
the sequence chromatogram showed ambiguities near the target site, raising the hope
that themutagenesis was successful. More detailed analysis however, revealed that these
lines were identical to the recipient isolate and should be considered as false-positives.
Further trials focused at targeting Avr1 included transformations combining two or three
gRNA-expressing vectors alongwith Cas9, but in all cases the results were negative.
In order to induce specific mutations in P. infestans, we performed experiments where
plasmid DNA containing a HDR repair template for Avr1was co-transformed with the
CRISPR/Cas9 constructs. Even though several hygromycin-B resistant colonies were ob-
tained, and the presence ofHygB could be detected by PCR on genomic DNA, wewere not
able to detect integration of the transgene at the endogenous genomic locus. Possibly, the
hygromycin-B resistance genewas integrated ectopically, or resistancewas conferred by
transcription fromnon-integrated plasmidDNA. Similarly, we did not obtain transformed
lines with GFP-encoding sequences inserted at the 5’ end of PitubA2, or PiAP5-mutants
with the stop codon insertion.
For the target genes PiTubA1 and PiAP5 only a single gRNAwas used. This and the fact the
both gRNAs did not prove to be effective in the in vitro activity assay, aremost likely the
reasons for the absence of observable Cas9 activity. However, also in the case ofAvr1 as
target gene, where all three gRNAs proved functional in vitro, Cas9 activity appeared to be
absent.
An obvious explanation for failure is poor expression of Cas9. To assess the expression
level of Cas9, reverse-transcription PCRwas performed on RNA isolated frommycelium
of transformed lines. In several lines expression of Cas9 could be detected (Figure S5.2).
Consequently, it is unlikely that lack of expression of Cas9 is the prime reason for failure
of the system. As yet, we have notmonitored the presence of the gRNA transcripts. Alto-
gether, these findings led us to conclude that the CRISPR/Cas9 system in P. infestans is not
functioning, at least not up to the expected efficiency.
101
Chapter 5. CRISPR/Cas9 in P. infestans
Modifications to the CRISPR/Cas9 system
It is hard to pinpoint themain cause for failure of the system, asmultiple factorsmay have
a role. Hence, we set out tomakemodifications at different steps in the process. Belowwe
describe severalmodifications and alternative approaches in an effort to effectuate the
CRISPR/Cas9 system in P. infestans.
Alternative vectors
In theoriginalP. sojaeCRISPR/Cas9 system, there is no selectable resistancemarkerpresent
on the plasmid encoding the gRNA. However, in practice, cotransformations of plasmids
usually result in integration of both plasmids (R.Weide, personal communication). Conse-
quently, geneticin-resistant coloniesareexpected toalsohave incorporated thegRNAplas-
mid. Nevertheless, we decided to test whether wewould be able to observe CRISPR/Cas9
activity by using a gRNA-encoding plasmid containingHygB as a resistancemarker. To do
so,we introduced theHygB in pYF2.3-gRNA-Ribo, replacing eGFP from the vector and yield-
ing pJH2.4-gRNA-Ribo-Hyg (Figure S5.3). In this vector backbone, the respective gRNAs
for the three target genes were cloned. Alongwith the Cas9 encoding plasmid, the result-
ing plasmids were used for cotransformations of P. infestans. Even thoughwe obtained
numerous hygromycin-B-resistant tranformants, in none of the screened transformants
we could detectmutagenized target genes.
In another attempt,we cloned thegRNAexpression components in pYF2.2-Cas9, resulting
in the 'all-in-one’ vector pJH2.5-Cas9-gRNA (Figure S5.3). Numerous geneticin-resistant
transformants were obtained and PCR analysis confirmed the presence of the Cas9 and
gRNA genes. Unfortunately, nomutagenized target genes were observed. Further, we
constructed a vector containing both gRNA2 and gRNA3 (both targetingAvr1), but also
here we did not obtain transformed lines with the expected deletion between the two
target sites.
Nuclear localization sequence
Nuclear localization of Cas9 is essential. Oomycetes contain distinct nuclear localization
sequence (NLS) signals, and commonly usedmammalian NLS signals are not efficient
in P. sojae (Fang & Tyler 2016; Fang et al. 2017). To overcome this, Fang & Tyler (2016)
fused a synthetic NLS derived from a P. sojae bZIP transcription factor (TF) to Cas9. This
NLS, further referred to as PsNLS, showed strong nuclear localization in P. sojae (Fang et
al. 2017), and it is expected that it will perform likewise in P. infestans. To test the nuclear
localization of Cas9, we obtained several transformed P. infestans lines carrying a PsNLS-
Cas9-GFP fusion construct but unfortunately, for unknown reasons none of these lines
showed fluorescence. Hence, wewere unable to determine the localization of Cas9 in P.
infestans. Anticipating that PsNLS is not able to target Cas9 to the nucleus in P. infestans, we
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set out to test a differentNLS. Using a BLAST search, we identified the P. infestans homolog
of the P. sojaebZIP TF, fromwhich theNLSwas obtained. This gene, PITG_11668, encodes a
TF that was previously shown to have strong nuclear localization in P. infestans (Gamboa-
Melendez et al. 2013). Next, we replaced the P. sojaeNLS in vectors pYF2.3-PsNLS-Cas9 and
pYF2.3-PsNLS-Cas9-GFPwith theNLS region of PITG_11668 (PiNLS) to obtain the vectors
pJH2.6-PiNLS-Cas9 and pJH2.6-PiNLS-Cas9-GFP, respectively (Figure S5.3). In addition,
PiNLSwas clonedN-terminally of GFP in the basic expression vector pGFP-N (Ah-Fong&
Judelson 2011), to obtain pGFP-PiNLS-GFP (Figure S5.3). Next, these constructswere used
for transformation of P. infestans. We performed cotransformations of pJH2.6-PiNLS-Cas9
alongwith gRNAs forAvr1, PiTubA2, or PiAP5 carried by vectors pYF2.3-gRNA or pJH2.4-
gRNA-Hyg. Unfortunately, for none of the combinations we did obtain transformed lines
in whichwe could observe Cas9 activity, nor did we obtain transformed lines exhibiting a
fluorescent signal.
gRNAexpression
In the P. sojaeCRISPR/Cas9 system, expression of the ribozyme-gRNA construct as well as
that of nptII, the gene providing geneticin resistance, is driven by pPsRPL41, the promoter
of the P. sojae ribosomal gene PsRPL41. Thus, geneticin-resistant transformants should
in principle express the ribozyme-gRNA construct. However, in the numerous geneticin-
resistant transformants that we have obtained, we did not observe CRISPR/Cas9 activity.
Consequently, we questioned whether the promoter of PsRPL41 is active in P. infestans.
In an earlier study performed in P. infestans, the expression stability of the P. infestans
ortholog of pPsRPL41 was found to be inferior to other P. infestans and P. capsici ribosomal
promoters (Poidevin et al. 2015). pPsRPL41 was not evaluated. To assess whether the
use of a different promoter driving the expression of the ribozyme-gRNA construct could
improve CRISPR/Cas9 activity, we opted to use the P. capsici S9 promoter (pPcS9). The
expression of this promoter was found to provide high and stable expression in P. infestans
(Poidevin et al. 2015). To replace pPsRPL41with pPcS9, the promotor was PCR amplified
frompTOR-S9 (Poidevin et al. 2015) and cloned into EcoRI/NheI sites of pYF2.3-gRNA-Ribo.
However, an unexpectedNheI site at approximately 150 bp upstreamof the 3’ end of the
promoter sequence, gave rise to a truncated insert, as the same restriction enzyme is used
for gRNA insertion. To circumvent this problempPcS9 and the gRNA can be introduced
into the vector backbone by Gibson assembly but due to time constraints we have not
been able to obtain a suitable construct with pPcS9 for transformation ofP. infestans.
Delivery of ribonucleoprotein (RNP) complexes
In several organisms it has been shown that the delivery of Cas9 protein-gRNA ribonucle-
oproteins (RNPs) complexes is an efficientmethod for inducing targeted genome editing
events, including numerous plant species (Woo et al. 2015), the nematode Caenorhabditis
elegans (Cho et al. 2013), filamentous fungi and yeast (Pohl et al. 2016; Grahl et al. 2017),
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protozoa (SoaresMedeiros et al. 2017), and also in human cell lines (Ramakrishna et al.
2014). Moreover, it was found to result in genome editingwith substantially higher speci-
ficity compared toDNA transformation (Zuris et al. 2015). From a technical perspective,
the use of RNP complexesmay have several advantages over a ‘regular’ CRISPR system
where both components are delivered as plasmidDNA and integrated into the genome.
Firstly, the genome-editing efficiency of Cas9 using RNP complexes does not rely on the
transcription rate by the host, as both components are preassembled in vitro prior to deliv-
ery into cells. In Phytophthora spp., integration of foreignDNA occurs randomly, and it is
plausible that integration in a ‘silent’ part of the genome results in reduced transcription
rates. The integration can also lead to disruption of genes, when the transgene is inserted
in an open reading frame. Secondly, andmore importantly, transgene expression of Cas9
can have adverse effects and can even lead to cell death due to toxicity (Jiang et al. 2014;
Kimet al. 2014; Peng et al. 2014). The use of RNP complexes of CRISPR-inducedmutations
might (partially) alleviate this issue, as after some time the RNP complexes are degraded,
reducing chances for side effects.
To our knowledge, the use of RNP complexes for targeted genome editing has not been
explored in oomycetes. To assess whether RNP complexes can be used for targeted ge-
nome editing in P. infestans, we used amodified protocol for PEG-mediated protoplast
transformation, substituting plasmid DNAwith pre-assembled RNP complexes. In paral-
lel, one samplewas co-transfectedwith the Avr1HDR construct (Figure 5.1a), which has
HygB as a selectablemarker. After transfection, regenerated protoplasts were analyzed by
a T7EI assay and sequencing. These analyses showed all samples to be identical to control
transformants, with no significantly overrepresented aberrant background signals in the
sequence chromatograms. Moreover, we could not confirm the integration ofHygB at the
target locus, not even in transformants that were hygromycin-B resistant.
Theexperimental setupofdirectdeliveryofRNPcomplexeshas some limitations,most im-
portantly the lack of selection. Whereas in a regular plasmid-based transformation exper-
iment the introduced plasmid contains a resistance gene to a selection antibiotic, protein
transfection does not yield antibiotic resistant colonies and hence also non-transfected
protoplasts will regenerate. Consequently, in our experiments transfected protoplasts
might have been overshadowedby non-transfected protoplasts. Moreover, despite careful
preparation of the startingmaterial, some residual sporangiamay have been present in
the protoplast suspension and these also readily overgrow regenerating protoplasts.
Another potential limitation is the nuclear localization of the RNP complexes. The Cas9
protein used in this experiment contains two Simian virus 40 (SV40) T antigenNLS tags,
one at theN-terminus and the other at the C-terminus. The SV40NLS is awell-studied
monopartite NLS tag consisting of several basic amino acids (Lange et al. 2007), and has
been shown to localize fusiongeneproducts to thenucleus ofP. sojae, albeitwith a reduced
efficiency compared to other NLS tags (Fang et al. 2017). Hence, it is expected that the
RNP complexes used in this study are localized to the nucleus. Still, the use of a Cas9
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protein equippedwith a Phytophthora specific NLS tagmight increase the efficiency (Fang
et al. 2017). Since such Cas9 proteins are not commercially available theywould have to
be produced in-house.
5.4 Conclusions and future outlook
Contrary to expectations set by the successful application of the CRISPR/Cas9 system for
targeted genome editing in P. sojae, P. capsici (B.M. Tyler, personal communication), and P.
palmivora (Gumtow et al. 2017), we have as yet not been able to implement the system in P.
infestans. The sameholds for colleagues elsewherewhoarealso experiencingdifficulties in
effectuating the CRISPR/Cas9 system for use in P. infestans (personal communication). It is,
however, hard to pinpoint the cause for failure of the system. Likely, it is an additive effect
of several suboptimal conditions, suchasCas9orgRNAexpression levels, Cas9 localization,
or the incubation temperature. Fang and Tyler (2016) who established the system in P.
sojae also faced numerous challenges andmade substantialmodifications in the initial
CRISPR/Cas9 procedure to get it towork in P. sojae. For P. palmivora (Gumtow et al. 2017)
chooseAgrobacterium-mediated transformation (AMT) to implement the CRISPR/Cas9
system.Whereasprotoplast transformation typically results inmultiple integrationevents
of the transgene(s), AMTusually gives rise to only one or two integrations of the transgene
in the genome (Vijn & Govers 2003). A higher transgene copy number easily results in
altered expression levels due to homology-dependent gene silencing or overexpression
of the transgene. However, P. infestans transformants resulting from AMT rarely show
silencing or overexpression of the target gene (P.J.I. van de Vondervoort, unpublished
data), a phenomenon thatmight be due to the low integration rate. Overall, generating
transformants via AMT is less laborious and requires less starting materials than PEG
mediated protoplast transformations. We are currently exploring the use of AMT for
integration of the CRISPR/Cas9 components in P. infestans.
A clear difference between P. infestans and the three Phytophthora spp. inwhich CRISPR-
induced mutations are observed, is their growth temperature. Whereas P. infestans is
typically incubated at 18°C, the other three species are grown at 25°C. The Cas9 isoform
used in the P. sojae CRISPR/Cas9 system is a human codon optimized gene from Streptococ-
cus pyogenes (SpCas9), an organismwhich grows at 37°C. Hence, it is anticipated that the
activityofSpCas9 is reducedatdecreased temperatures. Indeed,Arabidopsis thalianaplants
exposed to heat stress (37°C for 30 h) showedmuch higher rates of targetedmutagenesis
by CRISPR/Cas9 compared to plants grown continuously at the standard temperature
of 22°C (Le Blanc et al. 2017). On the other hand CRISPR/Cas9 has been employed in
salmon eggs at temperatures as low as 6°C (Edvardsen et al. 2014), making it unlikely that
the incubation temperature is the sole reason for absence of Cas9 activity in P. infestans.
Still, incubating potential P. infestans transformants at elevated temperatures or exposing
them to heat stress,might improve the efficiency of the system and is worth to try. This
would require some pilot experiments for determining the right temperature and time of
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exposure to the heat shock. When P. infestans is cultivated at 28°C it dies within 24 hours,
but possibly a shorter exposure at elevated temperatures is sufficient to obtain higher
frequencies of CRISPR-inducedmutations. Another possiblemodification to the system
whichmight be considered, is the use of a different nuclease. S. pyogenes Cas9 (SpCas9)
is a relatively large protein whichmight hamper nuclear import. For a smaller isoform,
such as Cas9 from Staphylococcus aureus (SaCas9), with approximately three quarters of
the size of SpCas9 (Ran et al. 2015), it might be easier to find its way to the nucleus. In the
protozoa Trypanosoma cruzi, delivery of RNP complexes of SaCas9 and gRNA resulted in
gene edits, while SpCas9 did not (SoaresMedeiros et al. 2017). Likewise, RNP complexes
with SaCas9 could bemore effective in P. infestans compared to thosewith SpCas9. Also for
plasmid-based delivery of the CRISPR/Cas9 components, the smaller gene size of SaCas9
might improve integration. However, SaCas9 recognizes a different PAM than SpCas9
(NNGRRT vs. NGG)>Hence, different gRNAs have to be designedwhen utilizing this nu-
clease, and there is likely a lower frequency of the PAM in the sequence of the target gene.
Another nuclease to consider is Cpf1 (also known as Cas12a). Whereas SpCas9 creates
DSB breaks with 'blunt’ ends, Cpf1 introduces a staggered DSB break with a 4 or 5 nt 5’
overhang (Zetsche et al. 2015). These cohesive ('sticky’) ends can increase the frequency of
HDR repair. Moreover, on certain positions, Cpf1 is sensitive to single-basemismatches
in the protospacer, reducing the frequency of off-target cleavage (Kleinstiver et al. 2016).
However, its T-rich PAM (TTTN)may limit the number of target sites in P. infestans, which
has a GC content of 51
We trust that, with dedicated effort, developing a CRISPR/Cas system for P. infestans is at-
tainable. Future work should focus on systematic analysis of factors limiting the efficiency
of the system.When these limitations are identified and overcome, targetedmutagenesis
in P. infestansmight bewithin reach.
5.5 Materials andmethods
Strains, culture conditions and transformations
P. infestans strain T30-2 (van der Lee et al. 2001) and all transgenic lines were routinely
grownat 18 °C in thedarkon ryeagarmediumsupplementedwith2%sucrose (RSA) (Caten
&Jinks 1968). RSAwassupplementedwith20µg/mlvancomycin, 100µg/mlampicillinand
50µg/ml amphotericin B, and in addition, for transformed lineswith 2.5µg/ml G418. Tran-
sient and stable transformants of P. infestanswere generated using PEG/CaCl2-mediated
protoplast transformation and zoospore electroporation. Protoplast transformationwas
performed according tomethods described previously (Ah-Fong et al. 2008), omitting
the step of complexing circular plasmidDNAwith Lipofectin in protoplast transformation.
Zoospore electroporationwas performed following protocols available.
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gRNAdesign
Sequences for target genes were downloaded from FungiDB (Stajich et al. 2012). The
full-length gene products were PCR amplified and subsequently validated by sequencing
(Eurofins, Ebersberg, Germany). Next, the sequencewas screened for CRISPR sites using
NGG as PAM on Geneious R9.1.4 (Kearse et al. 2012). The resulting sites were scored
for on-target activity according to Doench et al. (Doench et al. 2014), and for off-target
interactions according to Hsu et al. (2013). The top 10 best scoring CRISPR sites wereman-
ually curated using BLAST analysis on the P. infestans reference genome and predictions
of secondary RNA structure of the corresponding gRNAs using RNAstructure (Reuter &
Mathews 2010).
gRNAs for Avr1 and PiTubA1were ordered as sense and antisense PAGE-purified oligos
(IntegratedDNATechnologies) and subsequently annealed and ligated into pYF2.3-gRNA-
Ribo-EV, as described by Fang and Tyler (2016), using BsaI and NheI-HF (New England
Biolabs). For PiAP5 and PpAP5, 283 bp constructs transcribing the ribozyme-gRNA insert
flanked by two 30 bp overlaps, were designed and ordered as gBlocks (IntegratedDNA
Technologies). Next, the fragments were inserted into pYF2.3-gRNA-Ribo-EV by Gibson
assembly using theNEBuilder HiFi kit (New England Biolabs Inc).
Constructs
The hygromycin-B resistance genewas amplified from pGFP-H (Ah-Fong& Judelson 2011)
using primers Hyg_AflII_F andHyg_ApaI_R, and the resulting ampliconwas cloned into
pYF2.3-gRNA-RibousingAflI andApaI (NewEnglandBiolabs), yielding pJH2.4-Hyg-gRNA.
To constitute the 'all-in-one’ vector pJH2.5-Cas9-gRNA, the gRNA expressing construct
frompYF2.3-gRNA (containing the RPL41 promoter, gRNA insert, andHsp70 terminator)
was inserted into pYF2.2-Cas9 using EcoRI (Promega). A dual-gRNA vector encoding Avr1-
targeting gRNA2 and gRNA3was constructed by inserting the ribozyme-gRNA3 construct
into pYF2.3-gRNA2 byGibson assembly. The amplicon containing the insert wasmade
using primers gRNA3_Gibson_F and gRNA3_Gibson_R. TheNLS region fromPITG_11668
was insertedat theN-terminusofGFP, thePCRampliconwas cloned into theAgeI andNheI
sites of pGFP-N (Ah-Fong& Judelson 2011), yielding pGFP-PiNLS-GFP. To obtain pJH2.6-
PiNLS-Cas9 and pJH2.6-PiNLS-Cas9-GFP, theNLS region fromPITG_11668was inserted
into the SacII and SpeI sites of pYF2.2-PsNLS-Cas9 and pYF2.2-PsNLS-Cas9-GFP.∆Avr1
was constructed by overlap extension PCR using primers Avr1_del_F and Avr1_del_R. All
primers used in this study are listed in Table S5.1.
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Cas9 in vitro activity assay
To obtain template DNA for in vitro transcription (IVT), a PCRwas performedwith a T7
promoter-fusedforwardprimer (markedwithextension_pT7_F)andtheprimersgRNA_Col_R,
using plasmidDNA containing the respective gRNAs as template. Next, gRNAwas tran-
scribedwith T7 RNA polymerase usingMEGAshortscript T7 kit (Thermo Fischer Scientific).
IVTwas allowed to proceed for 4 h, after which RNAwas purified by phenol/chloroform
and ethanol precipitation, and analyzed on agarose gel. Target DNAwas amplified using
the respective primers for full-length PCR products ofAvr1, PiTubA2, and PiAP5. SpCas9
nucleasewas purchased (New England Biolabs). The assaywas performed according to
manufacturer's instructions.
Molecular analysis of transformants
Genomic DNA (gDNA)was extracted frompooled or individual P. infestans transformants
accordingtomethodsdescribedpreviously (Fang&Tyler2016),withmodifications. Pooled
transformants, 24-48hafter transformation,werepelletedbycentrifugation, resuspended
in 500mL of gDNA extraction buffer (200mMTris, pH 8.0, 200mMNaCl, 25mMEDTA,
pH 8.0, 2% SDS, plus 0.1 mg/mL RNase A added prior to use) and sheared by vigorous
pipetting. For individual transformants, approximately 250 µl of P. infestansmycelium
was frozen in liquid nitrogen, freeze-dried, and ground to a powder using a RetschMixer
Mill MM 400 and metal beads (ø 3 mm) for 30 seconds at 30 Hz. Subsequently, the
powder was resuspended in 500 µl of gDNA extraction buffer. DNA was recovered by
phenol/chloroform extraction and isopropanol precipitation. RNA was isolated using
home-made TRIzol (Verdonk 2014), and cDNA was synthesized using M-MLV Reverse
Transcriptase (Promega) according tomanufacturer's instructions. RT-PCRwas performed
using primers Cas9_RT_F and Cas9_RT_R.
All PCR amplifications were conducted using Q5 high-fidelity DNA polymerase (New
England Biolabs). Nested PCRwas performed using diluted (1000x) PCR products as a
DNA template. PCR amplicons were purified using theNucleoSpin Gel and PCR Clean-up
kit (Macherey-Nagel). Sequence analysis was performed at Eurofins.
T7EI assay
The efficiency of the CRISPR/Cas9 systemwas testedwith T7 endonuclease I (T7EI) (New
England Biolabs), using gDNA isolated frompooled transformants as template. First, the
target genewas amplified from gDNAusing primers amplifying the full-length sequence
of the respective target genes (Table S1). Next, purified amplicons were annealed in a
thermocycler using the following conditions: 95°C for 5min, ramp down to 85°C at -2 °C/s,
ramp down to 20°C at -0.1 °C/s, hold at room temperature. The T7EI cleavage assaywas
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performed according tomanufacturer's instructions and analyzed by gel electrophoresis.
RNPassembly and transfection
Ribonucleoprotein complexes (RNPs) of Cas9 (EnGenCas9NLS,NewEnglandBiolabs) and
gRNAswere prepared immediately before transfections. After IVT, gRNAswere refolded
by heating at 90°C for 5 min and cooling to room temperature over the course of 12 h.
To preassemble RNPs, equimolar amounts of Cas9 (120 pmol) and gRNA (120 pmol)
were incubated at 25°C for 10 min. Next, RNPs (10 µl) were incubated with an equal
volume of lipofectin for 5 min at room temperature and added to a 100 µl protoplast
suspension (2 x 106/ml). After 5minutes, 120 µl freshly prepared PEG solution (50%PEG-
3350, 10mMCaCl2, 10mMTris-HCl pH7.5) was added slowly. After incubation for 5min at
room temperature the volumewas adjusted to 10mlwith regenerationmedium (RSM
+ 1Mmannitol, without antibiotics) and protoplasts were regenerated for 48 h at 22°C.
Next, regenerated protoplasts were collected by centrifugation, fromwhich a sample was
taken for gDNA extraction, while the remainder was plated on RSA plates. Protoplasts
co-transfectedwith aHDR construct were plated on RSA plates supplementedwith 25
mg/ml hygromycin-B. Colonies appeared on non-selective plates after two days, or after
four days on selective plates. Individual colonies were transferred to new plates as soon as
they appeared and cultured for further analysis.
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Figure S5.1 | Detection limit assays. a) PCR amplicons used for the detection limit assays. ∆Avr1 contains a 29
bp deletion. b) T7EI assay. Varying amounts of Avr1 and ∆Avr1 PCR amplicons were annealed and digested by
T7EI. c) Example output from TIDE, confirming the presence of the 29 bp deletion in∆Avr1 (left red bar). Here, a
sequence chromatogramobtained from sequencing amolar ratio of 998:2 Avr1:∆Avr1 was compared to a sequence
chromatogramof Avr1. The predicted frequency of chromatogramswith a deletion (1.5%) deviates from the actual
molar ratio of Avr1:∆Avr1 (0.2%).
5.6. Supplementary files
1000
750
500
21 3 4 5 6 987 10 11
T30-2
cDNA
T30-2
gDNA MQ
Transformed lines
gDNA
ctrl
Figure S5.2 | Expression analysis of Cas9 in 11 selected transformed lines. cDNA and genomic DNA (gDNA) of P.
infestans strain T30-2were used as negative control and gDNA froma P. infestans Cas9 transformant as positive control.
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Figure S5.3 | Plasmids used in this study. Plasmids startingwith ‘pYF’ are obtained from Francis Fang (Fang& Tyler
2017), plamids startingwith ‘pJH’ aremodified versions as described in this chapter.
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Table S5.1 | Primers used in this study.
Name Sequence (5’ - 3’) Purpose
Avr1_F ATGCACCGCGTATTGCTGC P. infestans T30-2 Avr1
Avr1_F TTAAAATGGTACCACAACATGTCCACC P. infestans T30-2 Avr1
Avr1_Nested F GACGTTTGCCCTGTTGTGTA P. infestans T30-2 Avr1 - nested
Avr1_Nested R ACAACATGTCCACCAAGCATG P. infestans T30-2 Avr1 - nested
pRPL41_seq_F CAAGCCTCACTTTCTGCTGACTG Sequence analysis of gRNA constructs
sgRNA_Col_R AAAAGCACCGACTCGGTGC Sequence analysis of gRNA constructs
Cas9_RT_F CCGAAGAGGTCGTGAAGAAG Expression analysis of Cas9
Cas9_RT_R GCCTTATCCAGTTCGCTCAG Expression analysis of Cas9
pHAM34_Pseq_F TCGCCCGACTCGCCCAC Sequence analysis of Cas9
Cas9_Seq_757_F CTGTTCGGAAACCTGATTGCCC Sequence analysis of Cas9
Cas9_Seq_1439_F GGATGACCAGAAAGAGCGAGG Sequence analysis of Cas9
Cas9_Seq_2163_F AGAGGACATCCAGAAAGCCCAGG Sequence analysis of Cas9
Cas9_Seq_2865_F GAACACTAAGTACGACGAGAATGAC Sequence analysis of Cas9
Cas9_Seq_3600_F CAAGGGCTACAAAGAAGTGAAAAAG Sequence analysis of Cas9
eGFP_F ATGGGCAAGGGCGAGGAA Detection of eGFP
eGFP_R TCACTTGTAGAGTTCATCCATGCCA Detection of eGFP
Hyg_ApaI_R GGGCCCCTATTCCTTTGCCCTC CloningHygromycin into pYF2.3
Hyg-AflII_F CTTAAGATGAAAAAGCCTGAACTCAC CloningHygromycin into pYF2.3
M13F CGTTGTAAAACGACGGCCAG General primers
M13R TGCCAGGAAACAGCTATGACC General primers
PiNLS_SacII_F ACACCCGCGGATGCACAAGCGCAAG Cloning PiNLS in pYF2.2
PiNLS_SpeI_R ACACACTAGTCTCGCCCATTGCCGCGTC Cloning PiNLS in pYF2.2
PiNLS_AgeI_F ACACACCGGTATGCACAAGCGCAAG Cloning PiNLS in pGFPN
PiNLS_NheI_R ACACGCTAGCCTCGCCCATTGCCGCGTC Cloning PiNLS in pGFPN
PiAP5_EcoRI_F ACACGAATTCATGCGTCTCGGTCTGCTC PiAp5 full-length
PiAP5_NotI_R ACACGCGGCCGCATTTGGTCCCATGAGACGCG PiAp5 full-length
PcS9_F_EcoRI cacaGAATTCCGTCAATACGGCTGTAAACCAC P. capsici S9 promoter
PcS9_F_NheI cacaGCTAGCTTTGGCGACTTCTTTTGTTCAGG P. capsici S9 promoter
Avr1_gRNA_1_pT7_F GAAATTAATACGACTCACTATAGGTGGCCAAAGCAATGATATTG In vitro transcription gRNA
Avr1_gRNA_2_pT7_F GAAATTAATACGACTCACTATAGGTCGTTTATCGAGTCCTTCGT In vitro transcription gRNA
Avr1_gRNA_3_pT7_F GAAATTAATACGACTCACTATAGGGAATCCAAGACTCGATTTTT In vitro transcription gRNA
PiTubA2_gRNA_8_pT7_F GAAATTAATACGACTCACTATAGGACGCATGTTGCTTTAAGCTT In vitro transcription gRNA
PiAP5_gRNA_183_pT7_F GAAATTAATACGACTCACTATAGGGATAAGACGGTGAACAGCAA In vitro transcription gRNA
gRNA3_Gibson_F TCGGCATGGCGAATGGGACAGGATTCCTGATGAGTCCGTGA gRNA2-3 plasmid
gRNA3_Gibson_R GCTAAGTATTCTAGTCGACAGTCCCATTCGCCATGCCGAA gRNA2-3 plasmid
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Amodified version of this chapter is published as: GPCR-bigrams: enigmatic signaling components in oomycetes, Plos
Pathogens. doi:10.1371/journal.ppat.1007064
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The overall aim of this thesis was to explore and identify unique features of cellular signal-
ing and cytoskeletal dynamic in oomycetes, primarily focused on Phytophthora infestans.
The work presented comprehends an integrated approach combining in silico analyses
andwet-lab experiments. In this chapter, themain results are integrated and discussed.
Remarkable features of oomycetes and their cellular signaling systems are outlined, and
future directions are proposed for how to exploit this knowledge for disease control.
Whatmakes oomycetes exceptional?
Oomycetes are easilymistaken for fungi but differ inmanyways. At the organismal level,
morphology, growthpattern andmodeof dispersal are shared, and the twogroups occupy
similar ecological niches. Only at the cellular andmolecular level, the differences become
apparent. For example, the cell walls have a different composition; whereas chitin is the
main component in fungi, oomycete cellwalls consist of cellulose andβ-glucans (Judelson
&Blanco 2005). Opposed to the flattenedmitochondrial cristae in fungi, oomycetemito-
chondria have tubular cristae (Powell et al. 1985). Also the actin cytoskeleton has unique
features, such as so-called actin plaques. These dot-like structures resemble actin patches
in fungi, but unlike patches, plaques have a long lifetime and presumably no role in en-
docytosis (Meijer et al. 2014). Oomycetes also exhibit distinct features in their protein
repertoires, in particular with respect to protein domain organization. The number of
distinct protein domain combinations, or bigrams, is significantly higher than in other eu-
karyotes, andmany bigrams are potentially involved in cellular signaling (Seidl et al. 2011).
The most abundant oomycete-specific bigram type is a combination of the FYVE-type
phosphatidylinositol 3-phosphate-binding zinc finger and a GAF domain. GAF domains
are involved in many different cellular processes, and one speculation on the function
of the GAF-FYVE bigram type is that it is involved in the targeting of proteins to lipid
layers (involving the FYVE domain) in response to secondmessengers (e.g. cyclic GMP)
sensed by the GAF domain (Seidl et al. 2011). This unique bigram type is illustrative for
how oomycetes have evolved to combine protein domains involved in different processes.
For example, in addition to proteins containing the GAF-FYVE combination as a single
bigram, it is also found in combinationwith other domains, such as the actin-associated
motor proteinmyosin (Richards & Cavalier-Smith 2005; Seidl et al. 2011), possibly linking
motor proteinmovement to cellular signaling. To assess whethermore of such unique
proteins are present, we inventoried the putative array ofmicrotubule (MT) associated
proteins in P. infestans (Chapter 4). This revealed some distinct features in the domain
composition of themotor protein kinesin, with somekinesins in combinationwith protein
domains not observed in other taxa. For example, in some Peronosporalean oomycetes
(i.e. Phytophthora, Plasmopara), a kinesin containing a C-terminal ZZ-type Zinc Finger can
be found. Furthermore, several P. infestans kinesins containN-terminal transmembrane
domains and one contains aMajor Facilitator Superfamily domain. Whether, and if so,
how, these proteins linkmotor protein activity to other cellular processes is unclear.
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Obviously, these differences also have consequences for the efficacy of chemical control
agents. For example, amajor class of fungicides broadly used in health care and agricul-
ture are sterol biosynthesis inhibitors (SBI) but since oomycetes do not synthesize sterols
they are insensitive to SBI. The quest for novel compounds for controlling pathogenic oo-
mycetes is a continuous challenge. We postulate that oomycete specific cellular signaling
components such as GPCR-bigrams, hold potential as novel drug targets. Likewise, due
to their central role in development and pathogenicity, fungal GPCRs have recently been
proposed to be druggable targets for novel antifungal agents (Brown et al. 2018).
Cellular signaling and cytoskeleton dynamics
Cellular signaling and cytoskeletal dynamics are interconnected processes. For example,
actin nucleators (e.g. WASP, WAVE, and SCAR) are downstream effectors of the small
GTPaseRac (Pollitt& Insall 2009). Activationof thesenucleators leads toArp2/3-mediated
actin side branching. ELMO proteins are effector proteins of heterotrimeric G-protein
subunits and both positively and negatively regulate actin polymerization (Yan et al. 2012;
Xu& Jin 2017). In oomycetes, genes encoding these components are not yet described
in detail butmost are readily detected by BLAST or HMM searches (unpublished data).
Hence, itmaybeassumedthat similarprocessesplaya role in the regulationof cytoskeletal
dynamics in oomycetes. Consequently, silencing of the gene encoding the G-proteinγ
(Gγ) subunit gene Pigpg1 (Chapter 3) in P. infestans could affect the organization of the
actin cytoskeleton in P. infestans. Thismight explain the severe phenotypes observed.
Also theMT cytoskeleton is a downstream target of G-protein signaling. Heterotrimeric
G-proteins regulate the stability through activation ofmicrotubule associated proteins
(MAPs), but can also directly interact withMTs (Roychowdhury&Rasenick 2008; Etienne-
Manneville 2010). By activating the intrinsic GTPase activity of tubulin, activated Gα
subunits inhibitMT assembly and increaseMT disassembly (Roychowdhury et al. 1999).
On the other hand, activated Gβγ subunits stabilizeMTs. Depending on the prenylation
state of the Gγ subunit, Gβγ dimers stimulateMT assembly (Roychowdhury&Rasenick
2008). Possibly, in P. infestans, the aberrant zoosporemotility that Pigpa1-silenced lines
display (Latijnhouwers et al. 2004) is an effect of defects inMT turnover due to reduced
Gα levels, resulting in abnormal flagellarmovement. The phenotypes that we observed
in Pigpg1-silenced lines and the overexpression line (chapter 3) are not as readily linked to
a defect in theMT cytoskeleton. Speculatively, the reducedmycelial growth rate of the
Pigpg1-overexpression line could be due to an increased stability of MTs, consequently
leading to decreased cellular transport.
What are unique features of oomycete cellular signaling?
Cellular signaling in oomycetes is inscrutable and holdsmany novelties. Several oomycete
signaling components are clearly distinct from their homologs in organisms fromother
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taxa. Many of these contain unique proteins domain combinations, which are not known
toexist in other organisms (Meijer&Govers 2006; Judelson&Ah-Fong2010). For example,
Phytophthorahas severalproteinkinasesandphospholipidkinaseswithaccessorydomains
that are normally not found in combinationwith kinase domains. On the other hand, two
ubiquitous enzymes, i.e. protein kinase C (PKC) and phospholipase C, seem to be absent,
at least in their stereotypical forms (Meijer &Govers 2006; Judelson&Ah-Fong 2010).
One particularly interesting class of unique signaling components comprises the so-called
GPCR-bigrams. These proteins have a N-terminal G-protein coupled receptor (GPCR)
domain typically composed of seven transmembrane (TM) regions, combinedwith a C-
terminal catalytic accessory domain (Van denHoogen et al. 2018) (Chapter 2). Based on
the predicted biochemical activity of the accessory domainwe anticipate that these GPCR-
bigramshave roles in phospholipid signaling (GPCR-PIPKs, GPCR-INPPs), cyclic nucleotide
conversion (GPCR-ACs, GPCR-PDEs), or protein phosphorylation (GPCR-TKLs). One further
GPCR-bigram type is AP-GPCR, which has an aspartic protease (AP) domain at the N-
terminus that precedes the GPCR domain (Kay et al. 2011; Van denHoogen et al. 2018).
The link between the predicted activity of AP-GPCR, i.e. hydrolytic cleavage, and cellular
signaling is less obvious. Most oomycetes have comparable copy numbers of the different
GPCR-bigramtypes,with some typeshavingonly a fewcopies,while others belong togene
families with up to 20members. All types of GPCR-bigrams are shared by oomycetes, but
some types are sparsely present in organisms from other taxa. For example, GPCR-PIPKs
are found in a diverse but limited range of eukaryoticmicroorganisms distributed over
nearly all eukaryotic supergroups.
The predicted catalytic activity of the accessory domains of these GPCR-bigrams is unique.
There are examples of other GPCRswith accessory domains such as adhesion GPCRs, but
their extracellularN-terminal extensions have a role in protein-protein interaction and are
not predicted to have catalytic activity (Bjarnadottir et al. 2007). Plants possess regulator
of G-protein signaling (RGS) proteins that, similar to GPCR-bigrams, have aN-terminal
7TM receptor domain (Urano& Jones 2014). RGS domains, however, are not catalytically
active but rather accelerate the intrinsic GTPase activity of Gα subunits (Urano& Jones
2014).
In oomycetes, GPCR-bigrams occur next to regular conserved enzymes. For example,
P. infestans has four GPCR-ACs in addition to eight canonical adenylate cyclases (ACs)
(unpublished). This underscores the importance of GPCR-bigrams for oomycetes. In case
the catalytic domain in a GPCR-bigramwould not have an advantage over the canonical
enzyme, therewould be no evolutionary pressure for the GPCR-bigram to sustain. Thus,
the strong conservation of GPCR-bigrams throughout oomycetes indicates that having
GPCR-bigrams is advantageous. Clearly, oomycetes need GPCR-bigrams, but for what
purpose?
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What is knownaboutGPCR-bigrams?
The conservation of all GPCR-bigram types in oomycetes, and the presence of GPCR-PIPKs
in several unicellular eukaryotes, almost indisputably suggests that they are functional
proteins. To date, however, there are only a few studies addressing their biological role
and these are limited toGPCR-PIPKs. Knockout lines of the single GPCR-PIPK geneRpkA in
the slimemoldDictyostelium discoideum displayed defects in cell density sensing, bacterial
defense, and phagocytosis, and had reduced phospholipid levels (Bakthavatsalam et al.
2007; Riyahi et al. 2011). Silencing or overexpression of one of the twelveGPCR-PIPKgenes
in P. infestans resulted in aberrant asexual development and reduced pathogenicity (Hua
et al. 2013). Phytophthora sojae transformants with a silenced GPCR-PIPK gene showed
similar phenotypes, but in addition showed reduced chemotaxis towards soybean root
tips and the soybean isoflavone daidzein (Yang et al. 2013). These limited experimental
data show that GPCR-PIPKs are important for proper functioning of oomycetes butmany
questions remain. Are the accessory domains catalytically active? Are GPCR-bigrams
capable of sensing a ligand? How is their activity regulated? And what is the mode of
action of GPCR-bigrams?
HowdoGPCR-bigramswork?
The catalytic domains of GPCR-bigrams are usually the core domains in effector proteins
regulated by G-protein signaling. Hence, it is conceivable that GPCR-bigrams provide a
direct link betweenGPCR sensing and catalytic activity. Below, we speculate howGPCR-
bigramsmay transduce signals.
An intriguing possibility is that the catalytic domain is activated directly upon binding of
an agonist (i.e., a stimulating ligand) to theGPCRdomain (Figure 6.1a) or after proteolytic
cleavage (Figure 6.1b) thereby bypassing intermediate signaling components.Such a
direct signal transfer is unprecedented and could bemore efficient than via G-proteins.
The downside, however, is that only a single downstream effector protein is activated.
This in contrast to a canonical GPCR that can activatemultiple and different downstream
effectors at once. Despite beingmore efficient thedirect activationmay limit the signaling
system in both amplitude and versatility.
Another possibility is that the GPCR domain activates heterotrimeric G-proteins. The
activated G-protein subunits then stimulate the activity of the catalytic domain either
directly, or indirectly through effector proteins or the production of secondmessengers
(Figure 6.1c). Likewise, the activation could be initiated througha second, canonical GPCR
(Figure 6.1d). Possibly, this requires dimerization of GPCR domains (not depicted). In
case the catalytic domain is non-functional or inactive, the GPCR-bigrammight act as a
stereotypical GPCR that stimulates the activation of effector proteins and production of
secondmessengers via G-proteins, to elicit a cellular response (Figure 6.1e).
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Figure 6.1 | Proposed models of mode of action of GPCR-bigrams. a) the catalytic domain (c) is directly activated
through agonist binding on the receptor domain, producing a product (p) from a substrate (s); b) the catalytic domain
and/or the GPCR undergo proteolytic cleavage (purple) to yield amature GPCR and an active catalytic domain; c)
agonist binding on the receptor domain activates G-proteins, which either directly or via the production of second
messengers activate the catalytic domain; d) the catalytic domain is activated by G-proteins or effector proteins, acti-
vated by a canonical GPCR; e) agonist binding activates G-proteinswhich induce the production of secondmessengers
to elicit a cellular response, the catalytic domain is inactive (grey); f) the receptor displays biased agonism to either
stimulate G-protein activation (left) or directly activates the catalytic domain (right); g) phosphorylation of the GPCR
(yellow circles) by kinase activity of GPCR-TKLs leads to recruitment ofβ-arrestin, thereby either blocking signaling
via G-proteins (left) or scaffolding effector proteins to initiate downstream signaling (right).
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GPCRs can display biased agonism; a phenomenon signifying that different ligands can
induce specific receptor profiles on the same receptormolecule (Wisler et al. 2014). Such
profiles, represented by the receptor conformation or phosphorylation pattern, result in
different downstream responses by activation of different effectors (Rajagopal et al. 2010).
Likewise, GPCR-bigrams could show a bias towards a specific agonist, either activating
G-proteins or the catalytic domain (Figure 6.1f).
Besides heterotrimeric G-proteins, alsoβ-arrestins can act asmolecular switches trans-
mitting GPCR-sensed signals. Initially,β-arrestins were thought to serve amain role in
the desensitization of GPCRs, initiating the internalization of an activated GPCR. Later, it
was recognized thatβ-arrestins can facilitate signal transduction tomitogen activated
protein kinases (MAPKs), by serving as scaffolds to recruit proteins to an activated GPCR
(Smith & Rajagopal 2016). The phosphorylation pattern of the receptor functions as a
‘barcode’, recruiting different effector proteins toβ-arrestins, thereby activating distinct
signaling pathways. Phosphorylation of GPCRs is typically performed by GPCR-kinases
(GRKs), protein kinase A (PKA), or PKC (Smith&Rajagopal 2016), all kinases which are
underrepresented in oomycetes. P. infestans has only a single GRK gene and lacks PKC
(Judelson&Ah-Fong 2010). It is conceivable that GPCR-TKLs have the capacity to phospho-
rylateGPCRs, thereby compensating for the apparent deficiency ofGPCR-phosphorylating
kinases. This phosphorylation can lead toβ-arrestin initiated desensitization of G-protein
mediated signaling, or to the recruitmentofdownstreameffectors, suchasMAPKs (Figure
6.1g). Similarly, GPCR-TKLs could phosphorylate another GPCR(-bigram) to elicit a similar
response (not depicted). Yet another possibility is that the single GRK in P. infestans phos-
phorylates GPCR-bigrams to initiateβ-arrestin recruitment. P. infestanshas a total of 15
genes encodingMAPK-like proteins, which are all extracellular signal-regulated kinases
(ERKs) (Judelson&Ah-Fong 2010). In comparison,MAPKs are ubiquitous in higher plants
and vertebrates but limited in other organisms. For example, the diatom Thalassiosira
pseudonana, which is relatively closely related to oomycetes, has only fiveMAPKs (Judelson
&Ah-Fong 2010). AlthoughMAPKs can be regulated throughmany different pathways,
the expansive set ofMAPK-like proteins supports our hypothesis thatβ-arrestin signaling
is in play in P. infestans. Possibly, this involves GPCR-TKLs.
Howcan ligands of GPCR-bigramsbe identified?
Most if not all GPCRs are activated upon recognition of an external signal. Likely, the
receptor domains of GPCR-bigrams are also capable of recognizing a ligand, and obvious
questions thatariseare: what is thenatureof these ligandsandhowcan theybe identified?
So far, the only putative candidate is the isoflavone daidzein, solely based on the fact that
silencing of a GPCR-PIPK gene in P. sojae leads to loss of chemotaxis towards daidzein
(Yang et al. 2013). There is no evidence, though, that daidzein is the ligand that physically
interacts with the GPCR-PIPK.
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As GPCRs are important drug targets in humanmedicine, ligand discovery is primarily
focused on humanGPCRs. A common and popular approach is screening (human) cells
expressingtheGPCRof interestwithchemical libraries, andmonitor changes inproduction
of secondary messengers such as cAMP, IP3, or Ca2+ using biosensors, or induction of
reporter expression (Zhang & Xie 2012). As yet, no secondary messenger biosensors
are available for use in oomycetes. Nevertheless, some of these 'reverse pharmacology’
approachesmight be amendable for studying GPCR-bigrams.
Though the setupwould be artificial, one could envision expressing an oomycete GPCR-
bigram in amammalian cell line, and then screen a chemical library of known compounds
ormixtures comprising putative ligands such as exudates fromplant tissue or from Phy-
tophthora. Alternatively, the GPCR-bigrams could be expressed in yeast taking advantage
of themany available signalingmutants and reporter strains. Also, yeast is easy tomanip-
ulate and contains only two endogenous GPCR signaling systems that can be eliminated
(Ladds et al. 2005). Of the five types of GPCR-bigrams, GPCR-ACs andGPCR-PDEs seem
themost straightforward to tackle. By screening a chemical library for induction of cAMP
production in yeast expressing a GPCR-AC, one could determinewhether the AC domain
is active, and, if so, is regulated via the GPCR domain. To rule out that the GPCR domain
can activate endogenous signaling leading to secondmessenger production, a truncated
protein lacking the catalytic domain could be used as a control.
Tomoredirectly study thepossible catalytic activity ofGPCR-bigrams, yeast complementa-
tion assays could be used, rescuing lethalmutations in effector proteins such as adenylate
cyclases or phospholipid kinases. We have used such an approach in an attempt to inves-
tigate the role of the LRxGImotif of GPCR-PIPKs (Van denHoogen et al. 2018) (Chapter
2). Differentmutated versions of P. infestansGPCR-PIPKswere used to complement the
growth defect of the yeastmutant strainmss4ts (Stefan et al. 2002). This strain contains a
temperature sensitivemutation inmss4, a genewhich encodes a phosphatidylinositol-4-
phosphate 5-kinase. The strain is able to grow at the permissive temperature of 28°C, but
at an elevated temperature of 37°C growth is arrested. Previous work performed in our
lab showed that complementation ofmss4tswith either wild-typemss4 or a full-length P.
infestansGPCR-PIPKD4 gene can restore growth at 37°C, pointing at catalytic activity of
theGPCR-PIPK (C.Hua, unpublished data). We constructed deletionmutants of the LRxGI
motif in P. infestansGPCR-PIPKs D4, D8, and D10, andD. discoideum RpkA. Additionally,
with the idea to obtain subtle phenotypic changes in the complementation efficiency
of GPCR-PIPKs, we chose to construct swap constructs of the LRxGI motif (Chapter 2).
Even though the setup of the experiment was promising, the results varied andwere not
reproducible. We, therefore, decided to not continuewith these experiments.
The role of β-arrestins in oomycetes has not been studied so far. We identified three
arrestin domain containing proteins in P. infestans (PITG_10415, PITG_10578, PITG_17413),
and given their presencewe assume that arrestins have a role in oomycete cellular signal-
ing somehow. One observation indicating that G-protein independent signaling could be
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in play in oomycetes wasmade in P. sojae. In a yeast two-hybrid assay no interactions were
observed between protein segments including the intracellular loops and the C-terminal
tail region of PsGPR11, aGPCR, and theP. sojaeGα subunit (Wang et al. 2010), even though
both the GPCR andGα subunit were found to be functional (Hua et al. 2008;Wang et al.
2010). While it is not unlikely that the experimental setupdidnot provide the right protein
topologyof theGPCRor thatmultiple parts of theGPCRare simultaneously involved inGα
binding, it is plausible that PsGPR11 acts independently of PsGPA1. This could, possibly,
involveβ-arrestins. Further, the presence of only a single Gα, Gβ, and Gγ subunit, seems
in contrast to the relatively large set of 88 GPCRs in P. infestans (Chapter 2). The apparent
limitation in flexibility of the number of possible heterotrimeric G-protein complexes
might be overcome by signaling throughβ-arrestins.
For analyzingβ-arrestindesensitizationand recruitmentbyGPCRs several assays are avail-
able. Some are based on human arrestin fused to a protein that upon activation induces
reporter gene expression (e.g. TangoTM) orβ-galactosidase activity (e.g. PathHunterTM)
(Zhang & Xie 2012; Stoddart et al. 2015). Other assays make use of bioluminescence
resonance energy transfer (BRET) (Zhang&Xie 2012), for which the GPCR-bigramhas to
be taggedwith a fluorescent acceptor protein (e.g. GFP) and theβ-arrestinwith luciferase
(e.g. Rluc). When in close proximity, a detectable fluorescent signal is emitted. With the
recent development of a CRISPR/Cas9 system in P. sojae (Fang& Tyler 2016), it might be
achievable to create transgenic lines to studyβ-arrestin recruitment to GPCR-bigrams
using BRET or tomonitor secondarymessenger production using biosensors or reporter
gene expression. By targetedmutagenesismutants can be generated to study the role
of individual domains, for example, by removing the GPCR domain of a GPCR-bigramof
interest and analyzing changes in catalytic activity. Moreover, CRISPR/Cas systems could
be used to create knockouts of multiple members of one gene family at once, thereby
avoiding redundancy.
The availability of a CRISPR/Cas system in P. infestans, to perform targetedmutagenesis or
create gene knockout lines, would be of great value. Currently, functional gene studies in
P. infestans, andmost other oomycetes, primarily rely on gene silencing and overexpres-
sion. However, transgenes are inserted randomly, and often atmultiple genomic loci, and
consequently, transformed lines frequently display varying levels of silencing efficiency,
phenotypic differences, and unwanted traits. Specific gene-knockouts would, in theory,
allow formore specific and controlled studies of genes of interest. Moreover, CRISPR/Cas
systems could be used to create knockouts ofmultiple genes to study the role of possibly
redundant genes, such as GPCR-PIPKs. Gene knock-ins, for example GFP, give the possibil-
ity to study protein localizationwithout possible artefacts related to overexpression of the
transgene. However, even though the P. sojaeCRISPR/Cas9 systemproved functional and
effective in two other Phytophthora species;Phytophthora palmivora (Gumtow et al. 2017)
and Phytophthora capsici (B.M. Tyler, personal communication), it is not readily transferred
to P. infestans. Similar to our experiences, several colleagues in other laboratories have
experienced difficulties in establishing the CRISPR/Cas9 system in P. infestans (personal
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communication). Determining the exact underlying cause for failure is difficult, as it is
likely a combination ofmultiple factors. Still, we believe that it should be possible to use
CRISPR/Cas9 for genome editing in P. infestans.Weare currently in the process of inves-
tigating the use of Agrobacterium-mediated transformation, a transformationmethod
which proved effective for CRISPR/Cas9 in P. palmivora (Gumtow et al. 2017). Other work in
progress focusses on thenuclear localizationof Cas9 inP. infestans. As described inChapter
5, due to difficultieswith obtaining transformed lineswith a detectable fluorescent signal,
we have not yet been able to confirm the correct localization of Cas9. We are currently
testing the nuclear localization efficiency of different nuclear localization sequences in P.
infestans.
What lies ahead?
Cellular signalingand cytoskeletal dynamics inoomycetes are emerging fields. Challenges
lying ahead are determining the role of GPCR-bigrams in cellular signaling and their
biochemicalmodeofaction, andanswering thequestionwhyoomyceteshave suchunique
signaling proteins. What is the advantage of having GPCR domains linked to catalytic
accessory domains; does it provide, for example, shortcuts formore efficient signaling?
This could be the case if the catalytic domain is under the direct control of the GPCR
domain, a situation that is unprecedented. Anothermajor challenge is to identify ligands
recognized by GPCR-bigrams and to determine how such ligands can be exploited. With
respect to the MT cytoskeleton, GFP-tagged lines for live-cell imaging will be of value
in understanding elementary cellular processes in oomycetes, such as nuclear division
and intracellular transport. It is likely that oomycetes hold still uncovered features in
theirMT cytoskeleton, and the role of the unique kinesin and dynein types remains to be
uncovered. The addition of a CRISPR/Cas system to themolecular toolbox of P. infestans
will be an asset for functional gene analyses. There are still hurdles to be taken, but with
more dedicated effort it should be possible to effectuate the system in P. infestans. Taken
together, I envision that insight into unique features of cellular signaling and cytoskeletal
dynamics in oomycetes will greatly contribute to the general understanding of oomycetes
andwill expose new strategies for the design of novel, oomycete-specific control agents
tomitigate damage caused by these devastating pathogens.
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Summary
Many oomycetes are economically important pathogens, causing enormous yield losses
in crop plants. Others threaten natural vegetation, while some species can cause harmful
diseases in animals. Oomycetes, also known aswatermolds, aremorphologically similar
to fungi and also occupy similar environmental niches, but during evolution the two
groups evolved independently (Chapter 1). They showmany differences, in particular at
the subcellular level, and this often has consequences for the efficacy of chemical control
agents and hence, the efficient control of oomycete disesases. The research described in
this thesis is aimed at enhancing our basic knowledge of plant pathogenic oomycetes in
thegenusPhytophthoraand togainmore insight in their remarkable biology. It focusses on
twoprocesses, cellular signalingandcytoskeletondynamics. Uncoveringmechanisms that
govern these processesmay help in designing novel, oomycete-specific control strategies.
Cellular signaling is crucial for every living organism. It controls important processes,
allows for communication, and enables organisms to respond to environmental cues.
Two important eukaryotic signal transduction pathways that are usually interconnected
through intermediate signaling components, are G-protein signaling and phospholipid
signaling. Oomycetes, however, possess a unique class of G-protein coupled receptors
(GPCRs) that have a phosphatidylinositol kinase (PIPK) as an accessory domain pointing
to amore direct connection between the twomajor signaling pathways. When first discov-
ered, these so-called GPCR-PIPKs were thought to be restricted to oomycetes. In Chapter
2, we show the sporadic occurrence of these so-called GPCR-PIPKs in a diverse but limited
group of unicellularmicroorganisms, divided over nearly all eukaryotic supergroups. Our
analyses revealed that nearly all GPCR-PIPKs contain a unique, conservedmotif located
in between the GPCR domain and the PIPK domain. GPCR-PIPKs are likely ancestral to
eukaryotes and significantly expanded in the last common ancestor of oomycetes. We
further identified five hitherto unknown classes of GPCRswith accessory domains, GPCR-
bigrams. All classes of GPCR-bigrams are shared by oomycetes, and except for three, some
classes are sparsely present in organisms from other taxa. Most accessory domains of
GPCR-bigrams are universal players in signal transduction. Our findings point to an an-
cestral signaling system in eukaryoticmicroorganismswhere GPCR-mediated sensing is
directly linked to downstream responses.
In classical G-protein signaling, a GPCR senses extracellular signals and changes confor-
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mation upon ligand binding, thereby activating the associated heterotrimeric G-protein
complex, consisting of a G-proteinα (Gα),β (Gβ), andγ (Gγ) subunit. In turn, the acti-
vated G-protein complex dissociates from the receptor and its subunits stimulate down-
stream effector proteins. In Chapter 3, we investigated the function of the Gγ subunit of
Phytophthora infestans. The overall similarity of this Gγ subunit with non-oomycete Gγ
subunits is low, but the similarity with its homologs in other oomycetes is high. The Gγ-
encoding gene, Pigpg1, is expressed in all life stages and peaks in spores. To elucidate the
function of the P. infestansGγ subunit, we generated Pigpg1-silenced and overexpression
transformants and analyzed their phenotypes. However, many transformed lines had
severe growth defects andwere not viable. The few that could bemaintained produced
less sporangia, that weremalformed. These findings demonstrate that the Gγ subunit
has an important role in P. infestans. It is crucial for proper sporangia development, and
likely forms a dimer with the P. infestansGβ subunit, therebymediating signaling.
Themicrotubule (MT) cytoskeleton is a systemof intracellular filaments, that is able to
quickly adapt different configurations. This process is regulated bymicrotubular dynam-
ics andMT-associated proteins (MAPs). TheMT cytoskeleton has amyriad of roles, for
example in processes that provide structural rigidity to cells or allow for polarized cell
growth and cell movement. Chapter 4 focuses on theMT cytoskeleton in Phytophthora.
Live cell imaging of transgenic Phytophthora palmivora lines carrying an ectopically inte-
grated GFP-α-tubulin fusion gene provided insight in the spatio-temporal organization
of theMT cytoskeleton in Phytophthora. In addition, we provide an inventory of putative
MT-associated proteins in P. infestans. Unique types of the motor proteins dynein and
kinesin were found, including somemembers with accessory domains not found else-
where in combinationwith amotor protein domain. This study provides a basis for future
research onMTs andMAPs in Phytophthora and a first glimpse of the dynamics of theMT
cytoskeleton in an oomycete.
The low rate of homologous recombination in oomycetes makes that transgenes are
integrated randomly and until recently genome editing was unattainable. The implemen-
tation of a CRISPR/Cas9 system inPhytophthora sojae is a significant asset for themolecular
toolbox of oomycetes. So far, genome editing using CRISPR/Cas9 has been successfully
applied in only a few Pyhytophthora species. In Chapter 5we explore the effectuation of
CRISPR/Cas9 for targeted genome editing in P. infestans. With the original constructs that
were developed for P. sojae, we did not obtain any transformants in which the target gene
wasmutagenized. In an effort to pinpoint the reason for failure, we tailored the constructs
for P. infestans and implemented several modifications in the CRISPR/Cas9 system but
without success. We also explored the delivery of pre-assembled ribonucleoprotein com-
plexes. We describe an extensive effort in optimization of the system and outline possible
causes for failure.
In Chapter 6, the main results of this thesis are integrated and discussed. Remarkable
features of oomycetes and their cellular signaling systems are outlined. Possiblemodes of
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action of GPCR-bigrams are proposed aswell as future directions for research on cellular
signaling in Phytophthora. More knowledge on the elementary processes addressed in this
thesis will expose new strategies for the design of novel, oomycete-specific control agents
tomitigate damage caused by these devastating pathogens.
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